MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Masters Theses Student Theses and Dissertations
Fall 2018

Salt mobility under different geological regimes

Oznur Surek

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses

6‘ Part of the Geophysics and Seismology Commons
Department:

Recommended Citation
Surek, Oznur, "Salt mobility under different geological regimes" (2018). Masters Theses. 7837.
https://scholarsmine.mst.edu/masters_theses/7837

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/masters_theses
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/masters_theses?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F7837&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/158?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F7837&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/masters_theses/7837?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F7837&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

SALT MOBILITY UNDER DIFFERENT GEOLOGICAL REGIMES

by

OZNUR SUREK

A THESIS

Presented to the Graduate Faculty of the

MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY

In Partial Fulfillment of the Requirements for the Degree

MASTER OF SCIENCE
in
GEOLOGY AND GEOPHYSICS
2018

Approved by

Dr. Kelly Liu

Dr. Stephen Gao
Dr. Neil Anderson



Copyright 2018
OZNUR SUREK
All Rights Reserved



iii

ABSTRACT

This study investigates the evolution of Dan Salt Structure in the southern salt
dome province, Danish Central Graben and Mars-Ursa Basin in the Northern Gulf of
Mexico to understand salt and sediment interaction over time under different geologic
regimes. An integration of structural and stratigraphic analyses is conducted to understand
the relationship between halokinesis and sedimentation.

Interpretation of the seismic data in Dan Salt Structure shows that the structure has
a complex geometry, which is divided into upper and lower parts. The evolutionary stage
of both the upper and lower parts of the structure has been influenced by salt. The structure
is determined as a wall-and-sill complex that relates extensional tectonics and is interpreted
as an asymmetric roller-type salt structure within the NNW-SSE fault. Interpretation of the
seismic data in Mars-Ursa Basin shows that the basin is a salt withdrawal minibasin and
surrounded by Allochthonous salt bodies. The seismic data covers two salt bodies, namely,
Salt Body A and Salt Body B. Active salt diapirism was observed at the eastern edge of Salt
Body A. Active diapirism shows elongation in N-S direction and is accompanied by growth
faulting. Gas hydrate related to active diapirism and faulting is also recognized above Salt
Body A. Reactive salt diapirism is observed at the eastern edge of Salt Body B. Reactive
diapirsim shows elongation in the E-W direction and accompanied by normal faulting.

Although the Northern Gulf of Mexico and Danish Central Graben has different
geological history, both the Dan Salt Structure and the Mars-Ursa Basin went through
regional extension locally. It is known that there is direct relation between diapirism and
regional extension. While the Mars-Ursa Basin represents active and reactive salt diapirism,
the Dan Salt structure represents a wall-and-sill complex. A possible reason why Dan Salt

Structure did not become diapiric is the allochthonous movement in the Triassic strata.
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1. INTRODUCTION

Rock salt has its own physical and chemical properties, such as plastic rheology and
low mechanical strength, low density and compressibility, and exceptionally high solubility.
It is well known that rock salt has a major influence on the structural styles in sedimentary
packages, which is known as overburden, above salt structures and even on undeformed salt
layer (Fossen, 2010). The majority of the explored hydrocarbon areas are found associated
with salt basins in the Gulf of Mexico and the North Sea.

Rock salt exhibits low density around 2.200 kg/m> and is almost incompressible
material in respect to the surrounding overburden. This incompressibility causes density
inversion at a certain depth, and salt becomes less dense than the overburden sediment.
Consequently, salt flow and halokinetic movement occur. In salt related basins, halokinetic
movements have significant roles to produce different tectonic styles, create structural traps,
and control the distribution of reservoirs around the salt. The salt has the ability to create
structure closures, play a role in reservoir distribution and heat conduction, and to act as a
seal to fluid migration (Hudec and Jackson, 2007). For these reasons, understanding salt
tectonics is significant for the hydrocarbon exploration.

Salt exhibits different structural style, and salt mobility differs from region to region.
In order to understand the difference of salt mobility under different regional geology, two

different salt related basins are examined through seismic study.



2. THE DAN SALT STRUCTURE

2.1. AREA OVERVIEW

The Dan Field is located in southwest part of the Danish North Sea (Figure 2.1).
The field lies in the southern part of the North Sea Central Graben and is part of a trend
of halokinetically derived structures in the southern salt dome province (Jorgensen, 1992).
In the North Sea, the zechstein evaporites accumulated in the central graben during late
Permian. Subsidence maintained during the Triassic time and mainly continental clastic and
evaporitic sediment was accumulated. A tectonic Kimmeridgian pulse caused to deepening
of the Central Graben at the time end of the Triassic (Mgller and Rasmussen, 2003).

Afterwards, a shift in the depositional regime took place and altered from conti-
nental to predominantly marine or transitional environments with deposit of the thick shale
sequences. Due to the differential movement of individual fault blocks, deposits varied
across the Central Graben. Consequently, thickness difference in the Jurassic sequences
occured. The Permian salt, which started moving in the Triassic, was remobilized by the
late Kimmeridgian tectonic pulse at end of the Juressic time (Mgller and Rasmussen, 2003).

As a result, many of salt pillows and salt diapirs in the south salt dome province
was formed. The Dan Salt Structure is one of them. The dome was formed by uplifting
a salt pillow on the Triassic age and subjected to various growth experiences from Late
Jurassic to Late Tertiary. The significant growth at the Dan structure took place throughout
the Eocene and followed by limited movements during Oligocene and Early Miocene. The
structure is divided into two parts by a NE-SW trending normal fault, i.e., Dan Transverse

Zone (Rank-friend and Elders, 2004) (Figure 2.1).
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Figure 2.1. Location map and structural elements of the Danish Central Graben. The study
area is outlined in red (Sundsbg and Megson, 1993).

2.2. EVOLUTION OF THE PERMIAN BASIN (ZECHTEIN BASIN)

The Southern and the Northern Permian basins which extend across the present day
southern North Sea and the Central North Sea were generated by two interconnected basins

formed throughout the region of NW Europe (Figure 2.2).



The evolution of the Permian Basin is attributed by several processes mainly related
to the late orogenic collapse of the Variscan mountain belt that formed through the suturing
of Gondwanaland and Laurasia resulting in super continent Pangea. The continental rifting
with thermal subsidence was followed by the Carboniferous extension (Glennie and Buller,
1983; Coward, 1995). These basins are floored by the Rotliegend group Aelodian sediments
of Early Permian age.

In the late Permian, thick salt formation (Zechtein group) was deposited as a conse-
quence of flooding by the Boreal ocean somewhere close to Norway and Greenland along
the preexisting fractures of the Proto Atlantic and North Sea fracture systems at these basins
possibly due to a rise in sea level across the world. This sea level change occurred at the
same time as the end of the Permian glaciation (Glennie, 1998; Zeigler, 1982).

The entrance route of Zechstein water into the Southern Permian Basin is argued
with different theories. The Northern and Southern Permian basins had a connection with
the graben system (e.g., Central Graben), which formed as a result of an active corridor
between the basins. A previous study suggested a different route for flooding. The study
assumes that until the Triassic time, the Central Viking Graben system did not exist (Zeigler,
1990). Considerably thick Rotriegend Aeolian Sabkha sand exists in the southern Viking
Graben along with thick Zechstein halite, which is thick enough to behave as a diapiric.
However, there is a graben that is in an initial stage already formed in the Zechstein flooding

time (Glennie, 1998).

2.3. THE CENTRAL GRABEN

The Central Graben is the southern arm of the North Sea Rift system that trends
NNW-SSE. The Graben is located about 455 km from the area between UK and Norwegian

continental shelves via the German and Danish sector to the Dutch sector.



FENNOscanp,

9

CG  Cental Graben $
HG  Hom Graben . v
IMF  Inner Moray Firth Basin G
1S Irish Sea .
MNSH Mid North Sea High
0G l}sloﬁrd)sna n Q‘f
RFH  Ringkobing-Fyn High : S
VG  Viking Graben S o
: 2 IMF G
<
o8 \ )
Q-
gramene NORTHERy o ) 4
—a lA
i \ . — N AS
G Y
R
MNSH “Lr H
_ o
IS
\ SOUTHERN PERMIANT Bagj
—
4—#' gt
LOHD )
o
LA N (5‘2&«
-v—'-r-\ Run, gy
&
N4
5 '--—#- G
ahy
[~
N .
|c|: 100 200 300 km\-"&{—

Nl

=0
R
OUNTA&

" Permian wind direction
s Maximum extent of Zechstein deposits

|:| Rotliegend desert lake
|:| Rotliegend sandstones and volcanics
|:| Highland/nondeposition of Rotliegend

Figure 2.2. Map of the Permian sedimentary basin in northwest Europe. The Southern salt dome province was located at Southern

Permian Basin (after Evans et al., 2003).



The Central Graben is traced back to the Permo-Triassic motion and followed by
Late Jurassic motion. During the Triassic time, deformation in the North Sea was shaped
by two main movements: extensional rifting (Zeigler, 1992) and mobilization of evaporites
(Stewart and Clark, 1999).

The greater part of the Caledonian structural trend (Permian Basin and Mid North
Sea High) was crosscut by the Triassic rift system, and new graben systems were formed,
namely, the Viking and Central Graben. Permian Carboniferous fracture systems were also
reactivated.

The Triassic rift system created deep half grabens in the eastern North Sea (Evans,
2003). Differential loading on thick sediment in the half graben causes to flow of the salt,
the majority of the salt zones cannot keep their form and started to produce salt structures
(Clark et al., 1999; Sundsbg and Megson, 1993).

Over the Mid-Jurassic, the Central North Sea was uplifted and a wide dome formed
due to thermal heating. The Central Graben was distributed by this thermal dome and
extended in E-W and N-S directions from Denmark to south Scotland and South Viking
Graben into the North Sea (Zeigler and Horn, 1989).

Volcanic activity around the triple junction among the Central, Viking, and Moray
Firth Grabens occurred due to thermal doming. As a consequence, structural relief took
place (Zeigler and Horn, 1989). This uplifting of the Mid North Sea Thermal Dome ended
with the extension of Triassic and Permian rocks and sedimentation in the Central Graben.
The collapse of the thermal dome led to a new rifting stage in the Mid-Jurassic to Early
Cretaceous (Mgller and Rasmussen, 2003).

In the Late Jurassic, three extension events occurred. The first one was in the Late
Aalenian to the Early Oxfordian, defined by the development of NNW-SSE to N-S striking

faults. In the Late Kimmeridgian to Early Volganian, the second rifting occurred and kept



in thick deposits in the hanging wall of the NNW-SSE trending faults. The third extension
took place during the Ryazanian and led to reactivation of the NNW-SSE striking faults

(Mgller and Rasmussen, 2003).

2.4. THE DANISH CENTRAL GRABEN

The Danish Central Graben is a major half graben system dipping eastward at the
place that rifting system switches from NW-SE in the Norwegian and UK to N-S Dutch
sector (Figure 2.3). The Mid-North Sea High was located at the western side of the Danish
Central Graben. The Danish part of the Central Graben is divided into sub-basins diverged
by intra-basinal highs.

Structurally, the Danish Central Graben has a Upper Jurassic sediment deposit
section, which is one of the relatively thick sequences in the North Sea area. The thicknesses
of the section is more than 4 km. The Zechstein Basin reaches the Danish Central Graben
from both the northern and the southern basins. Further, halokinesis has a significant role
in the structural development, and the Southern Basin has invaluable importance for oil and
gas fields for the area (Mgller and Rasmussen, 2003).

The growing stage of the Danish Central Graben system occurred between the
Middle Jurassic and Early Cretaceous time (Figure 2.4). The combination of normal
faulting and mobilization of the Zechstein and Triassic salts has impact on the growing
process. Yet, the Mid North Sea Dome and uplifting erosion influenced the Danish Central
Graben in the Early Jurassic and resulted in a regional unconformity on the Mid-Jurassic
basement ( Mgller and Rasmussen, 2003).

The rifting phase in the Danish Central Graben was addressed by more than one
tectonic events from the Mid-Jurassic to Early Cretaceous followed by the collapse of the
Mid North Sea Dome. The first tectonic event occurred in the Mid-Jurassic and defined by

settling in a NNW-SSE to N-S trending striking fault.
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Figure 2.3. Location map of the Danish Central Graben in respect to the Danish North Sea.
The study area is outlined in red (Vejbazk and Kristensen, 2000).

At this stage, salt movement took place and salt pillows were formed. The second
tectonic event occurred in the Late Jurassic and thick sediments were deposited in the
hanging walls of the fault system trending NNW-SSE (Figure 2.4). This deposition led
to salt movement and salt bodies were formed. The last tectonic event was caused by
reactivation of the NNW-SSE trending faults and resulted in minor thrusting inversion and

halokinesis (Mgller and Rasmussen, 2003).



In addition, the strong movement on the Cretaceous to Early Tertiary has impact
throughout the Danish Central Graben. It is significant to underline that several hydrocarbon
traps in the area were formed as a result of the movement (Megson, 1992).

The northern and southern part of the Danish Central Graben have limited Zechstein
deposits, in the S@ggne Basin and Salt Dome Province (Mgller and Rasmussen, 2003). Salt
formation is marked as initiated in the Triassic time under the influence of the expansion of

the Triassic deposits.

2.5. THE SOUTHERN SALT DOME PROVINCE

The Southern Salt Dome Province is located in the southern Danish Central Graben,
extends into the Southern Zechstein basin (Figure 2.5). The province shows intrusions,
diapirs, and swells in the salt strutures. The Southern Salt Dome Province was formed
at the time of development of Kimmeridgian/Volgian half-graben. Consequently, the Pre-
Zechstein basin floor has a slightly flat structure. The Dan Transverse Zone and N-S trending
faults have the primary influence during the formation process (Duffy et al., 2013). The

importance of the Sothern Salt Dome Province in this study is included the targeted area.

2.6. SALT STRUCTURES

Although the Zechstein group salt is expansed, it is limited to the Northern and
Southern Permian basins. In these areas, salt deformation was interpreted as occuring
during the Triassic (Gatliff et al., 1994). However, Hodgson et al., (1992) suggest that
halokinesis/salt tectonics (gravity creep) started in the Permian time (syn-Zechstein).

The Zechstein salt thicknesses vary in the Danish Central Graben. While salt
thickness decreases northward, the salt thickness increases in the southern part of the

graben and reaches the highest level. The Western and Northern part salt deposition are not
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enough resolve seismically due to their thickness (Duffy et al., 2013). On the other hand,
salt thickness increases once again around the salt structures in the Sogne Basin, which is
the northern part of the graben.

The Zechstein salt is thin and welded around most salt structures (Duffy et al.,
2013). The Danish Salt Dome Province represents several different salt structure styles that
differ from salt diapirs, which are penetrated by their sedimentary cover to non-penetrated
salt cored anticlines. Salt structures (Figure 2.5) are represented in the southern domains
as pillows such as the Karaka salt pillow, as diapir such as the Skjold salt structure, and
wall-and-sill complexes such as the Dan Salt Structure. While most of the salt structures
formed as a consequence of flowage of Zechstein salt into them, the Dan Salt Structure is a
rare exception.

Two dimensional seismic data was obtained from the Dan Salt Structure and inter-
preted. The upper part of the structure shows consistency with the Triassic salt, while the
lower part is the Zechstein salt (Jorgensen, 1992). However, Sundsbg and Megson (1993)
suggest that the upper part of the structure (intra-Triassic) consists of intrusion into the Zech-
stein salt along the Dan Transverse Zone. The location of the salt structures corresponds to
the location and the orientations of the major faults in the Pre-Zechstein sequences (Dufty

et al., 2013).

2.7. FAULT SYSTEM IN THE DANISH SALT DOME PROVINCE

Coffee Soil Fault and Dan Transverse zone are considered as a two major fault
system in the Danish Salt Dome Province.

2.7.1. The Coffee Soil Fault. The fault is located on the eastern margin of the
Central Graben in the Danish part (Figure 2.5). The fault is a predominantly hard-linked
fault system, which dips westward. Both the northern and southern sections, which have
offset about 8 km wide sinistral jog in the fault trace, related to a regional high (Poul

Plateau).
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The relationship between the Central Graben and the Coffee Soil Fault is that the
strike direction of the Central Graben changes in the Danish mainland from N-S in the south
to NW-SE in the north.

It represents the strike direction of the Coffee Soil Fault. In addition, the fault has
different segments that vary in strike directions (Cartwright, 1987 and 1989). Moreover,
it is argued that the Central Graben may be segmented by itself at the same time with the
change in strike direction.

Relatively thick Triassic and Upper Jurassic sequences are placed in the area of
the southern Zechtein Basin. At this location, graben is oriented in N-S direction. The
Northern Zechtein Basin area, where the graben traces to Late Jurassic, had the same N-S
orientation (Sundsbg and Megson, 1993).

The area of the segmented graben was oriented NW-SE. There is no considerable
thickness of Triassic deposits. However, the area includes Upper Jurassic shales up to 4
km, locally. It is believed that the variation of the strike in stratigraphic thickness might
be associated with variation in the slip rates. Differences in the slip rates along the fault
in the separate segments have forced lateral movements on the connected basin sequences
(Sundsbg and Megson, 1993).

2.7.2. Dan Transverse Zone. Cartwright (1987) was first to mention the Dan
Transverse Zone and suggests that the origin of this transverse zone was as a Tornquist-
parallel basement trend and was reactivated over the time. The Dan Transverse Zone was
mapped in the WNW-ESE direction. However, the current study suggests the direction
to be more NW-SE. Gorm, Skjold, and Dan salt structures were aligned above the Dan

Transverse Zone striking NW-SE.
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Figure 2.5. Danish Central Graben structural elements with faults at the Base Chalk level.

Oil and gas fields with chalk reservoirs are also shown. The study area is outlined in red.
Modified from (Klinkby et al., 2005).

2.8. SALT MOBILIZATION AND FAULT RELATIONSHIP

The Zechstein Salt has an impact on decoupling sub-Zechstein and supra-Zechstein,
which is the cover part. Normal fault arrays in the Danish Salt Dome Province exist and
were observed in both the sub-and supra- Zechstein. At the place that lacked of the salt
layer, rooted basement fault in the pre-Zechstein moved upward, replacing the overburden

successions and forming a thick-skinned normal fault. Pre-Zechstein faults disappeared at
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the base of salt in which the Zechstein salt is thick. These faults led to the salt to deform and
develop salt structures such as pillows and diapirs (Duffy et al., 2013). Characteristically,
high amplitude and short wavelength fold structures form above these structures. This
folding allows regional thick-skinned extension and thin-skinned faulting that might be
driven by fault or load. In addition, initiated salt mobilization is cause to the development

of high density fault arrays (Dufly et al., 2013) (Figure 2.6).
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3. THE MARS-URSA BASIN

3.1. AREA OVERVIEW

The Mars-Ursa minibasin is an inter slope basin on the continental slope, Northern
Gulf of Mexico. It is located about 225 km south of New Orleans, Louisiana and lies in
2600-4600 feet of water (Figure 3.1).

The Mars-Ursa basin was formed by sediment accumulation during Late Miocene to
Middle Pliocene time. Salt movement has been played significant role during sedimentation.
Sedimentation varied over the time and the Mississippi River is the main sediment source.
Sedimentation from the N-NW throughout Miocene loaded the salt and triggered evolution
of minibasin formation (Bouroullec et al., 2004). The minibasin mostly composed by
turbidite deposits, which are classified as lowstand deposit, and surrounded by allochthonous
salt bodies (Martin et al., 2004). Further, local tectonic activity and glacia-eustacy have

important role on the evolutionary stage of the area.

3.2. THE GULF OF MEXICO BASIN

The Gulf of Mexico Basin was traced to the late Middle to early Late Jurassic time
(Figure 3.1). The basin was resulted in crustal extension and thinning, rifting and sea floor
spreading, and thermal subsidence. There is a general agreement that the Central Atlantic
and the Gulf of Mexico Basin developed at the same time that North America separated from
South America and Africa (Pindelel, 1985). The Gulf of Mexico Basin is a semicircular
basin that is 1600 km in diameter and overfilled basin that has been supplied by sediments

from North America.
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3.3. THE MISSISSIPPI CANYON

The Mississippi Canyon is located about 257 km southeast from New Orleans,
Louisiana in the North Central Gulf of Mexico about 2000 feet below sea level. The
Mississippi Canyon was formed as a part of the Mississippi submarine valley. The origin of
this canyon has generally been attributed to channel entrenchment at the Mississippi River
during low stand at the sea level on currents or submarine gravity flows (Coleman et al.,

1982).

3.4. THE MARS-URSA BASIN

The Mars Ursa Basin is a salt withdrawal minibasin and located about 225 km
south of New Orleans, Louisiana in the Northern Gulf of Mexico slope and encompasses
about 2600-4600 feet of water. The Mars-Ursa Basin was formed as a result of sediment
accumulation from Late Miocene to Middle Pliocene time. This minibasin is mostly
composed of turbidite deposits and is surrounded by allochthonous salt bodies (Martin et
al., 2004). The Mars-Ursa Basin is an important part of the tabular salt minibasin province.
The greater part of the continental slope is bounded by this province, which is a part of a
Neogene counter-regional salt system. Salt diapir collapse occurred because of the gravity
spreading or regional extension, led to initiation of the minibasin formation during the

Miocene sedimentation from N-NW stored (Bouroullec et al., 2004).

3.5. MINIBASINS

Minibasins are a type of basin generally associated with a mobile salt environment
and characteristically form in a sub-circular shape a few tens of kilometers in diameter.
Minibasins are related to the interaction between the Cenozoic growth faulting and salt

mobility in the Northern Gulf of Mexico Basin (Worrall and Snelson, 1989).
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The term “minibasin” is redefined as a syn-kinematic basin subsiding into a pro-
portionally thick allochthonous or autochonous salt. While minibasins downdip margins
bounded by a counter regional faulting, both the updip margins and sides are restricted by
growth faults or salt domes and salt ridges, occasionally with the strike-slip dip. In many
cases, the loading of the thick sedimentary filling causes density inversion on the minibasin
formations (Jackson and Talbot, 1991). However, a density driven mechanism might not be

the only reason to cause minibasins to subside (Hudec et al., 2009).

3.6. SALT STRUCTURE

The tectonic evolution of the Gulf of Mexico began as a consequence of inter-
continental rifting between North America and the Yucatan Block in the Middle Jurassic
(Salvador, 1991). The flooding of the seawater occurred discontinuously and repeatedly
into the low-lying rifted area throughout the Late Callovian to Early Oxfordian time. This
sea water flooding resulted in extensive salt deposition known as Louann salt (Salvador,
1991).

Deposition of the salt in the rift basin took place before the seafloor spreading. This
depositional process remained till the Kimmeridgian (Bird et al., 2005). With restricted
marine conditions, an increasingly large body of the water with normal salinity was replaced
with the shallow hypersaline water bodies. As a result, the Callovian salt sequence was
produced (Salvador, 1987).

The continental rifting in the basin produced about 70 m.y. and resulted in an a
counterclockwise rotation of the Yucatan Block. This rotation started on the Late Callovian
to Early Oxfordian. The counterclockwise rotation of the Yucatan Peninsula Block away
from the northern part of the Gulf of Mexico led to the opening of the basin. The rotation

and southward movement of the Yucatan Block gave rise to regional extension.
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This regional extention initiated the passive margin state of the basin margins along
with the formation of a central band of crust formed during the Kimmeridgian (Salvador,
1991). As a consequence of the rifting process, the Louann salt deposit was divided into two
parts, which are presently located in the US part of the Northern Gulf and in the Mexican

part of the Southern Gulf (Buffer and Thomas, 1994) (Figure 3.2).

3.7. SALT MOBILIZATION AND FAULT RELATIONSHIP

The Gulf of Mexico Basin region contains various structural features that have mostly
been created by gravity acting on an unstable substrate in a nonorogenic environment. The
salt tectonics, growth fault, and listric fault known as, normal growth faults, associated
with rollovers are interacting with each other. This interaction creates a wide variety
of features (Nelson, 1991). Growth fault systems are common structures of extensional
systems resulting from gravity gliding above salt. During the stable tectonic conditions
of the Cretaceous and Cenozoic time, sediment loading stimulated the movement of the
Louann salt and the development of growth fault system (Konyukhov, 2008). Faulting in
the minibasin is generally associated with salt diapirism (Worall and Snelson, 1989). In
the study area, active and reactive diapirism have been observed. These diapirims are

accompanied by normal faults and located along the updip edge of a salt sheet.
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Figure 3.2. Diagram shown Deposition of the salt. A.) Initial Jurassic pre-rift position of
Yucatan Peninsula; B.) Jurassic rotation, continental crust extension and seafloor spreading;
C.) Rotation and present position achieved (Bird et al., 2005).
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4. SALT TECTONICS

4.1. INTRODUCTION OF SALT

Salt is an evaporitic rock that is composed mostly of halite. However, salt bodies
may contain a variety of other evaporitic minerals, such as evaporitic carbonates, anhydrite
or its hydated form, gypsum, and also non-evaporitic rocks that might be accumulated
during salt movement (Hudec and Jackson, 2007). Evaporates are usually settled when
surface and near surface brine becomes saturated as a consequence of solar evaporation
(Warren, 1999).

In general, deposition of evaporates may be present in four settings. These are
cratonic basins, syn-rift basins, post-rift passive margins, continental collision zones, and
foreland basins. Approximately 120 of the worlds evaporate basins have been influenced
by salt tectonics. Salt tectonics may form regional extension and shortening or halokinesis,
which is driven by gravity (Hudec and Jackson, 2007).

Salt has its own deformation style and occurs on a regional scale and creates different
shapes and sized salt structures such as linear and point source. Salt structures that are
connected to point sources, rise from salt pillows at early stages to reactivated salt sheets at
more mature stages (Hudec and Jackson, 2007) (Figure 4.1). For example, elongated salt
structures, which rise from a line source, develop from the salt rollers to salt-wall canopies
because of the increase in maturity. Reactivation of subsalt faults and folding processes
during contractional regimes helps to create these types of structures (Fossen, 2010).

While salt basins and non-salt basins show some deformational style similarities,
their differences are also important. Salt exhibits viscoelastic and rheologically weak
character under geologic conditions. Relatively high speed of relaxation generally causes

it to behave as purely viscous and, thus, flows like fluid. Consequently, under geologic
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Figure 4.1. Shematic shapes of salt structures (Fossen, 2010).

conditions, salt is weaker than surrounding rocks and more favorable to deform (Hudec and
Jackson, 2007). In addition, like fluid, salt is difficult to fracture, and hence faults use salt
bodies as decollement surfaces, rather than shearing through the features. The physical
attributes of salt are the main purpose to understand how salt deforms and how this causes
deformation in the surrounding rocks.

Salt is incompressible and has an approximately density of 2200 kg/m?, which is
less than compacted sedimentary rocks, while surrounding sediments are compacted and
denser than salt. Usually, salt is more buoyant than the surrounding rocks after a typical
burial depth of 3000 m, and as shallow as 1600 m, when the overburden rocks begin to
have larger density than rock salt (Hudec and Jackson, 2007). As a result, the density
differences between the mother salt layer and overlying sediments along with buoyant
properties of salt buried to a particular depth result in salt flow toward the surface by the
reason of gravitationally instablility (Fossen, 2010). This makes salt inherently unstable,
which results in the salt basin deforming more easily than other basins. There are four main
mechanisms that cause salt movement. These are gravitational, differential, displacement,
and thermal loading (Fossen, 2010). Besides, heterogeneity in temperature, viscosity and
lateral changes in thicknesses between the salt and the overlying sediments have a major
impact on halokinetic movement (Allen and Allen, 2003). Moreover, salt has high thermal

conductivity. This characteristic feature of the salt makes it important for the oil industry.
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To behave as heat pipes for conduction may cause decrease in their temperature and increase
in the overlying one; therefore, it can shift the gas vertically and oil windows in sediment
flanks (Fossen, 2010). The velocity of the salt is more than twice higher than the velocity
of the surrounding rocks. It is about 4400 m/sec (Farmer et al., 1996). As a consequence of
this difference, salt structures are shown in irregularly shaped interface in seismic imaging.

Salt parameters are shown in Table 4.1.

Table 4.1. Summarized information of salt properties.

Low density: 2200 kg/m? High thermal conductivity

High seismic wave velocity: 4400 m/sec | Almost incompressible

Youngs modulus (E): 40 Gpa Impermeable

Poisson ratio: 0.39 Behaving as a decollement

Viscous Influence regional deformation
Mechanically weak Generating structural and stratigraphic traps

4.2. DIAPIRISM

Salt diapirs form in four different ways: 1) reactivation piercement in between fault
blocks that is related to overburden extention, 2) active piercement of salt by lifting, rotating,
and shouldering aside the overburden rocks, 3) erosional piercement of salt after the removal
of the overburden by erosion, and 4) emplacement of salt in the hanging wall of thrust faults
(Hudec and Jackson, 2007) (Figure 4.2 ).

All these processes can take place at different times during the growth of a solitary
salt structure (Hudec and Jackson, 2007). Further, salt diapirs might occasionally form
by ductile thinning of the roof overburden, and at the place where salt is uncovered at
the surfaces, it could rise continuously with respect to the surrounding strata in a process
known as passive diapirism. The majority of the tall salt domes and walls around the world
develop as passive diapirs. Most salt diapir provinces were started throughout phases of
regional extension, as shown by salt bodies having a more profound portion of their flanks

commonly being abutted by swarms of normal faults (Hudec and Jackson, 2007).
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Figure 4.2. Models of diapir piercement in schematic cross sections (Hudec and Jackson,
2007).

Regional extension could result in reactivate, active, and passive diapirism in spite of
the fact that salt does not fundamentally advance through all these stages. Active diapirism
is controlled by gravitational forces and might proceed indeed in the event that regional
extension stops. This stage occurs often and is not followed by passive diapirism as the salt
proceeds to rise to the surface.

In the process of either regional compression or regional shortening, the weaker
salt layers deform more easily than the surrounding rocks, usually causing the overburden
to buckle. Salt might at that point stream under the buckled overburden and amplify any
existing anticlinal structures. While a pre-existing salt structure undergoes shortening,
a teardrop diapir might be formed, creating a steep salt weld in the former waist of an
hourglass shaped diapir. Where feeder welds are greatly inclined, maintained shortening of

the diapir can reactivate the welds as a thrust fault.
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4.3. ALLOCHTHONOUS SALT

Allochthonous salt is defined as a sheet-like body of mobilized evaporate or a layered
evaporate sequence that overlies stratigraphically younger rocks (Hudec and Jackson, 2007).
Allochthonous salt might be based on a single salt feeder and then deposited throughout
lateral spreading as an individual salt sheet or salt tongue, which might come together with
other salt sheets and create canopies and nappes in a wide variety of depositional settings
ranging from deepwater to subaerial.

Thirty five of the worldwide basins have been determined as salt basins containing
allochthonous evaporites. Four mechanisms are suggested to understand the settlement and
spreading of the allochthonous salt, which are: 1) extrusive, 2) open-toed, 3) thrust, and 4)
salt wing intrusion (Hudec and Jackson, 2007).

The term ’salt roller” also needs to be defined. A salt roller is a low amplitude
asymmetrical structure where one side of the salt body is bounded by normal fault (Park,
1997). The presence of salt rollers indicates regional extension, which is thin-skinned
perpendicular to the strike of the salt rollers.

A salt weld is a surface that separates two strata that were once separated by a salt
layer and are still in contact (Rowan et al., 1999). There are two main processes that are
known to produce welds: viscous flow and dissolution. It is important to note that welds in
autochthonous and allochthonous salt might be formed in major structures in an evaporate
basin where petroleum and mineral discovery may hinge on whether salt welds act as seals
or windows for migrating hydrocarbons or dissolved metals.

When the salt is exposed to meteoric water, it dissolves easily (e.g., Johnson,
1981). Saltdissolution can also create accommodation space and influence sediment routing
systems, which can be independent of tectonic and sea level effects (e.g., Gutierrez, 2004).
All these salt features can be found in salt basins that have undergone tectonic extension
and compression, including the Central North Sea Basin and the Mars-Ursa Basin of Gulf

of Mexico.
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5. DATA AND METHODOLOGY

5.1. SEISMIC DATA

The Dan Field data set is a grid of 3D time migrated seismic reflection data covering
an area of 129.4 km?. The survey has 804 inlines and 997 crosslines and the spacing is
12.5x12.5 m (Figure 5.1). The survey has a sampling interval of 0.004 second and covers a
two way travel time (TWT) of 5 second. The study area contains M1 and M8, namely two
well data. The data set was provided by the Geological Survey of Denmark and Greenland

(GEUS) for this study.

625700 630700

56900 16156900

51900

16151900

469004 15146900

41900 t ¥ t t
625700 630700 635700 640700

5141800

Figure 5.1. Base map of the Dan Field.
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The Mars-Ursa Field data set is a grid of 3D time migrated seismic reflection data
set includes 28 Mississippi Canyon (MC) blocks on the western flank of the MC in the North
Central Gulf of Mexico. The survey has 723 inlines (between 4366 and 5088) and 1266
crosslines (between 645 and 5088) with spacing 87.5x87.5 m (Figure 5.2). The survey has
a sampling interval of 0.004 second and covers a two way travel time (TWT) of 10 second.
G3D1312-001 3D, namely Mars-Ursa basin data set was provided by the Bureau of Ocean

Energy Management for public study.
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Figure 5.2. Base map of the Mars-Ursa Field.
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5.2. METHODOLOGY

The Kingdom software is used for geophysical and geological interpretation. The
VuPak module is performed to display horizons, faults, and salt structures in a 3D cube.
The Petrel software is utilized to generate seismic attributes, which are Variance and RMS
amplitude.

The following steps were organized for seismic interpretation in this study,

1. Seismic data, well locations, and well logs information were checked after they
imported to the both Kingdom and Petrel software.

2. Seismic interpretation of key horizons, faults, and salt were performed.

3. Structure maps for the interpreted surfaces were generated.

4. Seismic attributes were also generated and used to complement the seismic

interpretation.
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6. SEISMIC ATTRIBUTES

Seismic attribute analysis uses variations in the amplitudes and tracks these features
through the entire data volume. This approach can generally enhance the imaging of
geologic features such as faults, fractures, and specific stratigraphic features (Weimer and
Davis, 1996).

The Petrel software was used to compute seismic attributes, and the data were
imported back to the Kingdom software for interpret. Computing different types of seismic
attributes helps to interpret structural elements and discontinuities such as faults and salt

bodies.

6.1. VARIANCE

The main working principle of the variance attribute is to measure horizontal con-
tinuity in amplitude (Van Bemmel and Pepper, 2000). The variance attribute is a powerful
tool for determining salt bodies, based on the difference from broken reflectors (salt) to
continuous reflectors (minibasins), faults, and channel edges on both horizon slice and
vertical seismic profile.

In the time slice at 2.012 s from the Dan Field (Figure 6.1), visibility of majority
faults are limited and the channel system is not detectable. However, in the variance time
slice, faults, fractures, and channel system are visible (Figure 6.2 and 6.3).

In the time slice at 2.066 s from the Mars-Ursa basin (Figure 6.4), visibility of
majority faults, fractures, salt bodies,and minibasins are limited. However, in the variance

time slice, faults, fractures, salt bodies, and minibasins are visible (Figure 6.5).
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6.2. RMS AMPLITUDE

Root Mean Square (RMS) is the amplitude computed from the sum of the squared
amplitude divided by the number of samples in a specified time window. This produces
as measure reflectivity and as a direct hydrocarbon indicator within a zone of interest
(Chopra and Marfut, 2008). The RMS amplitude emphasizes the variation in the acoustic
impedance in a selected time window. Generally, the high acoustic impedance variation
represents high values of RMS. The RMS attribute is used to identify gas chimney and other
direct hydrocarbon indicators such as bright spot.

The gas beneath the seafloor is related to a buried petroleum system in the Mars-Ursa
Basin. Overlying sediments led to an increase in pressure and the salt body moved upward.
The upward movement of the salt continued and caused salt deformation, fracturing, and
faulting within overlying sediments. Fracturing and faulting assist hydrocarbon in migrat-
ing from the subsurface to the seafloor. Free gas within sediments causes a decrease in
seismic velocity and density and an increase in acoustic impedance between hydrate bearing
sediments and free gas bearing sediments (Satyavani et al., 2008). Salt Body A shows gas

hydrate, gas chimney, and bright spots in RMS windows (Figure 6.6 and 6.7).
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7. SEISMIC INTERPRETATION

Structural interpretation is the primary tool for understanding fundamentals of sub-
surface geometries and their patterns. Structural interpretation is performed for faults,
horizons, and salt to gain knowledge of structural features of the Dan Salt Structure and the

Mars-Ursa Basin.

7.1. FAULT INTERPRETATION

Faults are generally indicated by observation of discontinuities or breaks in reflec-
tions. Abrupt vertical displacement of several reflectors along a distinct line such as a fault
plane, is the best indicator for the presence of faults (Marillier, 2006). Identifying interac-
tion between salt and faulting is a key factor to understand what type of salt movement took
place during the deformation process. Major and minor faults are observed and interpreted
in both areas (Figure 7.1).

Dan Transverse Zone is a major fault in the Dan Structure, in the southern salt dome
province. Orogeny on the Caledionian time caused the reactivation of the basement fault.
This reactivation led to the development of the Dan Transverse Zone, which has affected
much more of the halokinetic movement in the southern salt dome province (Sundsbg and
Gowers, 1993). During the Late Proterozoic to Early Paleozoic times, the Dan Transverse
Zone acted as an extensional plate margin (Evans et al., 2003). The Dan Transverse Zone

was interpreted as a NW to SE trending normal fault (Figure 7.1 and 7.2).
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7.2. SALT INTERPRETATION

The salt has more than twice higher velocity than the velocity of the surrounding
rocks. Consequently, in seismic imaging, salt structures are shown in an irregularly shaped
interface between salt and the surrounding sediments reflecting and refracting seismic
energy along with velocity pull-up below the salt (Hudec and Jackson, 2007). The velocity
pull-up observed at both study areas. Interpretation of the salt structures performed with
information of velocity pull-up below the salt and results from seismic attributes study for
both area. Determining the base of the salt topography when it is visible is an useful tool
to identify what type of salt system is present. In the Dan Field, the base of salt is visible
in the study area (Figure 7.3 and 7.4). However, the base of the two salt structures is not

recognizable along most of the study area in the Mars-Ursa Field (Figure 7.5 and 7.6).
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8. RESULTS

8.1. DAN SALT STRUCTURE

The Dan Salt Structure reveals a complex geometry. The structure has an upper
and lower parts. The evolution stage of the lower part is related to asymmetrically shaped
Zechstein salt, while the upper part is influenced by salt at more than one different Middle-
Upper Triassic stratigraphic levels (Jorgensen, 1992).

The upper part was interpreted as completely Triassic salt by Jgrgensen (1992).
However, an interpretation by Sundsbg and Megson (1993) demonstrates that the intra
Triassic structure is composed of intruded Zechstein salt.

The strike slip model mentioned by Cartwright (1987) and Sundsbg and Megson
(1993) suggests that the right and left lateral strike slip movement with related extension
inclusive of the Dan Transverse Zone has influence on the Zechstein salt mobility and
intrudes the overlaying Triassic age strata.

There is also another model that piercement location was controlled by intersected
faults, which were located parallel to the graben, and crosscuts the transverse fault at
basement level (Gaversen, 1994). According to this study, asymmetric salt was identified
as a roller type salt structure within the NNW-SSE trending fault. A salt roller is defined
as a low amplitude asymmetrical structure where one side of the salt body is bounded by a
normal fault (Park, 1997). In the study area salt rollers are related with NNW-SSE trending
normal fault and are recognized by their triangular shapes (Figures 8.1 and 8.2).

The intra Triassic salt bodies and underlying Zechstein salt are partially adjoining
through the fault. According to Rank-Friend et al. (2004) even as Triassic salt is presented,

it has to be carried by a primarily weak zone or surface along where the Zechstein salt has
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trespassed. While penetrated salt was not observed above the Triassic deposits, change in
dimension and doming up to the overburden is widespread into the Eocene age, possibly
influenced by Jurassic-Cretaceous sequences.

Evolution of the salt structure has influenced different geologic events over the time.
It is suggested that extensional faulting is the primary reason which led to the top of the
Triassic strata becoming thicker into an active fault during the Late Triassic growing stage
of the interested part of the central graben (Rank-Friend et al., 2004).

During the evolution stages, a thick-skinned defined extension along the Coffee Soil
Fault, which is located at eastern edge of the graben, and the formation of the N-S trending
depocenter in its hanging wall took place.

Although it is not much clear, the Dan Salt Structure may have begun to form by
itself at the same time as the Coffee Soil Fault phase. NE trends high with the present day
location which is considered as an evidence. Salt development occurred around the Triassic
age faults. The structural evolution throughout the Middle and Late Jurassic period was
related to thick-skinned extension through eastward of the Central Graben. Consequently,
two different depocenters were developed near the Coffee Soil Fault (Duffy et al., 2013).

The Dan Salt Structure is located in the current position and characterized by a
similar decoupled extensional fault. Also, the faulting is associated with the growth of the
salt structure. However, there was no salt mobility until Late Jurassic in the Dan Field area
(Rank-Friend et al., 2004).

During the post rift in the Cretaceous, primary alteration in the morphological
process of the salt structure occurred. Additionaly, changes in the fault and depositional
patterns took place. The Early Cretaceous was significant phase for the development of the
Dan Salt Structure. It formed approximately as a circular outline during this time period
(Withjack and Scheiner, 1982).

Significant salt migration took place in the Cretaceous time. This migration from

NE to SE trending salt ridge is defined with Late Cretaceous within the Dan Salt Structure.
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The salt formation was interpreted at three different stratigraphic levels which in-
clude the Zechstein, Middle Triassic, and Upper Triassic sections. Wedges of the salt
became thicker and ended against the fault (Figures 8.3 and 8.4).

The underlying lower Triassic age strata was defined as parallel. Unformed sediment
is stratigraphically proper with underlying Zechstein salt. The sequence over the Triassic
age inner salt was faulted and folded around the salt bodies. Spreading of the Triassic age
intra salt was specified as an elongated feature, settled primarily on the hanging wall of the
NNW-SSE trending fault. The intra Triassic salt is interpreted at both part of the fault.

The seismic stratigraphy exhibits an isolated salt structure at a different level. How-
ever, evolution of salt structures in the Triassic strata occurred in itself from at the Zechstein
level (Rank-Friend et al., 2004). Defining the interaction between intra Triassic and Zech-
stein salt distribution is complicated. Possibly, they juxtaposed at the other sides throughout
the NNW-SSE trending fault. With this information, it can be assumed that the Zechstein
salt intruded in a vertical direction along the weak horizon inside of the Mid-Upper Triassic
sequences to generate an initial elongated NNW-SSE trending salt wall system. Addition-
ally, this initially might have caused faulting in the Late Triassic. Yet, further growth and
salt wall information was assisted by regenerated normal extension during the Mid-Late
Jurassic rifting. Morphologic changes in salt structure occurred during the Cretaceous
time and altered from regional extension to post rift thermal subsidence. Possibly, the
Late Jurassic depocenter was not entirely loaded in the Early Cretaceous age and cause to
unequal differential loading upon the salt layer ( Mgller and Rasmussen, 2003). There is
no evidence that salt migration paths were cut. However, further salt growth was prevented
by cessation in thick- and thin-skinned extensional faulting. Cessation in this extensional
faulting might be led to other mechanisms to be dominant. The growing of a domal circular

outline possibly occurred during this process.
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This circular outline of growth is where the thin-skinned NW-SW and NNW-SSE
faulting intersect within the Triassic and Jurassic sections. Further salt intrusion was con-

trolled by weaker and thinner overburden that allowed bordered structural growth (Figures

8.5 and 8.6).

8.2. MARS-URSA BASIN

The Mars-Ursa Basin is a salt withdrawal minibasin, and this minibasin is surrounded
by allochthonous salt bodies. In this study, two salt bodies, i.e., Salt Body A and Salt Body
B, were interpreted (Figure 8.7).

In the study area, the reflectors exhibit turtle geometry, which is is shown as evidence
for salt mobility. When an initial phase of salt mobility under a minibasin is followed by salt
mobility around the minibasin, it results in turtle structure. Inverted minibasins are formed
as a result of the collapse of minibasin flanks (Weimer et al., 2016). Basement structures
and salt welds were not identified under the minibasins in the study area.

The deeper strata possibly have been affected by the Louann age authocthonous salt
evacuation in the past. If any structure exhibited under the shallow salt bodies in the study
area because of the poor subsalt seismic data quality, there is no structure identified in the
study area.

A variety of sedimentation stage took place over the time, and the Mississippi River
is defined as a primary source. In the minibasin, most Neogene aged sediment is identified
as turbidites and classified as lowstand deposits (Martin et al., 2004). Glacia-eustacy and
local tectonic activities also have significant impact on sedimentation stage. Sedimentation
has been affected by salt movement and the evolutionary stage of surrounding salt system.

During the Early Miocene time, slow rate sediment accumulation took place in the
Mississippi Canyon area. The depositional system is classified as the basin floor apron

(Galloway et al., 2000).
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The sedimentation rate in the southern Mississippi Canyon increased and was ac-
companied by salt mobilization and minibasin formation during the Middle Miocene. A
large amount of sand was deposited during the Late Miocene, and this late sequence is
dominated by slope fans in the Mars-Ursa Basin.

The salt sytem in the study area is defined as a part of counter regional salt sytem.
In a counter regional salt system, the salt moves from the autochthonous salt layer to an
allochthonous salt tongue, an unconformable salt body that intrudes obliquely into the
overburden at the basinward limit of the salt layer. This term often refers to salt that is
overthrusting the distal sediments at the basinward limit of the salt tectonic system, and
then up into a shallower secondary diapir located basinward (Schuster, 1995).

These systems are formed in locations where thick source salt provided a high
potential for accommodation for thick and extensive sediment wedges to form on the
landward side of upward- and basinward-migrating salt. When the allochthonous salt was
remobilized during the Neogene, minibasins were developed along the southward moving
salt, triggering the formation of secondary allochthonous salt bodies (Hudec and Jackson,
2007).

These allochthonous salt bodies had seafloor expression and created slope perpen-
dicular seafloor topography, which affected sediment gravity flow distribution. Sediments
accumulated in geographically restricted ponded zones behind the salt bodies, rather than
bypassing and being deposited farther basinward. Consequently, thick sediment wedges
formed landward of the withdrawing salt, providing continued loading, evacuation, and
upward and basinward movement of the salt. These salt systems only take place when the
available amount of salt could no longer provide sufficient accommodation for sediment-

gravity-flow sediment to accumulate.
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The original configuration of the autochthonous salt bodies onto which the counter
regional salt systems developed controlled the type of allochthonous salt system that formed
later. If the basal salt was thick and extensive, sediments could have accumulated in the
form of thick, bowl-shaped or trough-shaped depocenters, which could have later inverted
into symmetric or asymmetric turtle structures (Bouroullec and Weimer, 2017).

The counter-regional salt systems were oriented perpendicular to the regional sed-
iment transport direction and locally influenced the sediment distribution pattern. The
strike-oriented, salt-related topographic highs forced sediment gravity flows to be deflected
and provided ponding geometries for the associated intra slope minibasins (Bouroullec and
Weimer, 2017).

Salt withdrawal and rapid deposition occured in the Mars-Ursa Basin during the
Early Pliocene. Faulting in the study area is associated with salt diapirisim. Suprasalt fault
families are related to activity of underlying salt bodies. The area represents extensional
faulting.

Reactive salt diapirism was observed in the study area at the eastern edge of Salt
Body B (Figures 8.8 and 8.9). It shows E-W trending elongation, and is accompanied by
normal faults and located along the updip edge of Salt Body B.

Either extension or differential loading can cause reactive diapirism (Jackson and
Vendeville, 1994). Faults above these salt bodies are possibly crestal faults. The crestal
faults are found above the salt bodies or folds and associated with local extension. Cre-
stal fault families in a minibasin area possibly occur as a result of multidirectional salt
evaculation (Rowan et al., 1999).

Active salt diapirism is also observed in the study area at the eastern edge of Salt
Body A (Figures 8.10 and 8.11). The active diapirisim is generally characterized by a
salt top elevated above the regional datum. The active diapirism was accompanied by
growth faults. Interaction between diapirism and faulting led to gas hydrate and assist to

hydracarbon movement from the subsurface to seafloor.



S

Inlire:
Crozsline:

1.ouu

Figure 8.8. Vertical seismic section of Inline 4573 shown uninterpreted salt body and faults.

L
m o (5, ] [=) a
2 2 = =] &

o
=

'l""_&""I""L""I""-
o
s

|

09



S

Irlime:
Crossline:
1o

2,000

2,500

3.000-,

3.500

4,000

4.500

] 1,000

OO AR R
o
3

o o
= 2

&
[,
=

.00a

500

"I""A.""I""A""I""

M =

£

Figure 8.9. Vertical seismic section of Inline 4573 shown interpreted reactive diapirism and faults.

19



wW

Irline:  4960.0
.0

Crossline: 7k

1.5004%

2,000
2,500-
3,000 ~
3,500

4,000

4750.0
B5.

Figure 8.10. Vertical seismic section of Crossline 765 shown uninterpreted salt body and faults.

F21.927
664.173
606.419
548.664
498.130
440.375
382.621
332.086
274.332
216.578
166.043
108.289
50.535

-57.754

-115.508
-173.262
-223.797
-281.551
-339.306
-380.841
-447.595
-505.349
-555.884
-613.638
-671.392
-T21.927

9



1,500

2.000

2. 500-F

3.000

2500

4.000

!-ljuuuuluuuug.,.........
o [=]
[=1 (=2
(=] (=]

4,000

~4.500

Figure 8.11. Vertical seismic section of Crossline 765 shown interpreted active diapirism and faults.

721.827
664.173
606.419

498.130
440.375
3g2.621
332.086
274.332
216.578
166.043
108.289
50.535

-57.754

-115.508
-173.262
-223.797
-281.551
-338.306
-389.841
-447.585
-505.349
-555.884
£13.638
-671.392
-F21.927

€9



64

9. CONCLUSIONS

Although the evolution process of the Northern Gulf of Mexico and Danish Central
Graben went through different geological regimes, the Dan Salt Structure and the Mars-Ursa
Basin were influenced locally by regional extension. Regional extension and halokinesis
have significant roles in structural development in both areas. The combination of the
sedimentation, faulting, and mobilization of salt contributed to the growing process of the
two areas.

The Dan Salt Structure was formed by uplifting a salt pillow from the Triassic
age and it was subjected to various growth experiences from the Late Jurassic to the Late
Tetriary. The structure was divided into upper and lower parts by NW-SE trending faults,
also known as the Dan Transverse Zone. Extensional faulting is determined as a primary
force for salt mobility. The Dan Salt Structure is interpreted as an asymmetric roller type
salt structure within NN'W-SSE faulting and salt bodies observed within three stratigraphic
levels which are Zechstein, Middle Triassic, and Upper Triassic.The Dan Salt Structure is
determined as a wall-and-sill complex.

The Mars-Ursa Basin is determined as a salt withdrawal minibasin and is formed
by sediment accumulation during the Late Miocene to the Middle Pliocene. Sedimentation
from N-NW during the Miocene loaded salt and triggered the evolution of the minibasin
formation. The minibasin is surrounded by allochthonous salt bodies. Faulting in the
minibasin is related to salt diapirism. Growth fault sytem is generally a common structure
of the extensional system, resulting in gravity gliding above salt. During the stable tectonic
conditions of the Cretaceous and Cenozoic time sediment loading stimulated the movement
of Louann salt and development of growth faults. In the study area, active salt diapirism
was observed at the eastern edge of Salt Body A. Active salt diapirism was accompanied

by growth faulting and the elongation direction of diapirism, which was determined as



65

N-S. Reactive salt diapirism was observed at the eastern edge of the Salt Body B. Reactive
diapirism was accompanied by normal faulting and elongation direction of diapirism, which
was determined as E-W direction.

It is well known that regional extension plays a role in the evolution of diapirism.
Most salt diapir provinces were started throughout phases of extension. Regional extension
could result in active, reactive, and passive diapirism. While both areas underwent regional
extension, in the Mars-Ursa minibasin, salt body movement ended with diapirism; however,
salt movement beneath the Dan Salt Structure ended with wall-and-sill complex. The
Dan Salt Structure has its own unique style instead of becoming diapiric. The possible
explonation is with the growth stage of the Dan Salt Structure at this point, which was
related to allocthonous movement in the Triassic strata, and was not able to pierce through

the relatively thick, and competent overburden.
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