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Abstract

Numerous publications have addressed subsurface sediment remobilization, in terms of
geometries of the intrusions, where the intrusions occur, the parent unit of the intrusions and
trigger mechanisms. Several authors have suggested different trigger mechanisms. The most
frequently suggested trigger mechanism is earthquake induced liquefaction, but the suggestion

is rarely well supported by evidence.

This thesis has investigated the possibility of a link between trigger mechanisms and the
tectonic setting of the basin where sand intrusions occur. Several basins worldwide were
investigated, and revealed an overrepresentation of subsurface sediment remobilization at
convergent margins (including transform margins) and inverted passive margins. Convergent
margins tend to show a relatively steep slope, and hence lateral pressure transfer was proposed
as an important trigger mechanism at this type of tectonic setting. The subduction of the oceanic
plate causes a step-wise compression of the deep sediments, and consequently the fluids are
forced to escape rapidly, causing lateral fluid transfer to shallower strata. This process can result
in rapid build-up of fluid pressures exceeding the lithostatic stress in the shallowest positions
of the dipping (and permeable) strata, and trigger sand injections here.

Investigations of 3D seismic data from the northern North Sea was carried out to examine
trigger mechanisms of sand intrusions at inverted passive margins. One phase of subsurface
sediment remobilization was recognized within the Early Oligocene to Mid Miocene
succession. Several evidence point towards one alternative to a trigger mechanism causing
subsurface sediment remobilization in the northern North sea: 1) remobilization took place
along the basin-flank transition, but not in the basin center, 2) a detachment surface was
interpreted along the base of the subsurface sediment remobilization, and pose a good candidate
as the slide plane, 3) mounds are arranged in N-S trending ridges along the basin-flank
transition, and are hence parallel to the eastern margin and a potential headwall scarp, 4)
liquefaction of mud and sand are triggered by shearing, 5) the interpreted slide plane is parallel
to the bedding. Accordingly, shearing along the slope caused by a submarine slab slide was
suggested as the main trigger mechanism of subsurface sediment remobilization in the northern
North Sea. Submarine slab slides represent sedimentary processes that are common on inverted
passive margins. Consequently, the interpretation is considered at least partly applicable to

other inverted passive margins worldwide.
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Chapter 1 Introduction

1. Introduction

Sand intrusions were described for the first time in 1827 (Murchison, 1827), but the importance
of the subject was not appreciated until Dixon et al. (1995) discovered their influence on
hydrocarbon reservoirs. Since then sand intrusions have been described in numerous
publications, based on locations from all over the world. Several trigger mechanisms have been
proposed in the literature, e.g. earthquakes, meteoritic impacts and rapid fluid migration. The
most frequently suggested trigger mechanism is earthquake induced liquefaction. What is a
common trend when different authors are proposing trigger mechanisms, is that evidence that
explains the proposed trigger mechanism is rarely well documented.

Jolly and Lonergan (2002) divided occurrences of sand intrusions into groups based on the
sedimentary environment where the subsurface sand remobilization occurred. They evaluated
already proposed trigger mechanisms, but they did not link the trigger mechanisms to processes
that are typical for the specific basin settings that they addressed. Jonk et al. (2005b) also
presented a short overview of six locations where sand intrusions occur. Similar to Jolly and
Lonergan (2002) they linked the location of the sand intrusions to the sedimentological settings,
but not to the physical processes characteristic for these specific settings. Further on, they
described fluid flow through the sand injectites. Huuse et al. (2010) presented a table displaying
locations worldwide where sand remobilization, mud remobilization, gas hydrates and surface
seeps occur. In the table they linked the different phenomena to i.a. the tectonic setting, the
driver and the trigger mechanism. However, the link between trigger mechanisms and basinal
setting were not further described in the text. The mud and sand remobilization were by Huuse

et al. (2010) described as phenomena occurring during separate events.

The widespread occurrence of sand injections in the geological settings where sand intrusions
occur frequently, demonstrate that trigger mechanisms that are characteristic for such settings

are comparatively common. The understanding of what these mechanisms are is still debated.

The North Sea basin pose a good example of large scale subsurface sediment remobilization.
Here, sand intrusions most frequently occur in Eocene to Oligocene strata (Jolly and Lonergan,
2002; Hurst and Cartwright, 2007). Previous studies that addressed sand intrusions in the North
Sea, focused on local areas. Apparently, the distribution of remobilized sand in the North Sea
basin has not yet been described on a regional scale. Christensen (2015) observed evidence of
two phases of remobilization within the Early Oligocene to Mid Miocene succession, and

suggested that the remobilization was related to sliding along a detachment surface, due to uplift
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of the eastern basin flank. This suggestion was based on observations from the Johan Sverdrup

area in the North Sea, i.e. only a limited area.

The sedimentary processes that occur in the northern North Sea are characteristic of inverted
passive margins in general, and hence the observations from the area are considered applicable
to other inverted passive margins. One would therefor expect that observations from the
northern North Sea, even if it is based on a limited time interval, is at least partly applicable to

other inverted passive margins.

The aim of this thesis was to investigate the possible link between trigger mechanisms and the
tectonic setting of the basin where sand intrusions occur. Hence, it was large scale subsurface
sediment remobilization that was addressed, although smaller scale sand intrusions also are
described in the literature. This thesis focuses on sand intrusions at both convergent and
inverted passive margins, but with different approaches.

The tectonic setting and sandstone geometries at the time of subsurface sand remobilization
was compared to a number of different basins at convergent and transform margins. This thesis
advocates a trigger mechanism that is common for these sand intrusion provinces, and that is
linked to the specific tectonic setting. For convergent and transform margins the trigger

mechanism was suggested on the basis of published data.

The Panoche and Tumey hills is an area that shows the best exposed parent-intrusion network
in the world (Cartwright, 2010). Due to the well exposed sand intrusion networks, the Panoche
and Tumey hills are frequently used as analogues to large-scale sand intrusions observed in
seismic, independent of the tectonic setting of the basin. A fieldtrip to the Panoche and Tumey
hills was attended to learn more about sand intrusions at convergent margins. A report from this

fieldtrip is included in Appendix A.

In comparison to the convergent margins, the trigger mechanism associated to inverted passive
margins was suggested on the basis of published data and a case study from the northern North
Sea. To analyze regional characteristics of the sand intrusions in the study area in the northern
North Sea, a 3D seismic dataset that covers an area from 60°N to 62°N was interpreted.
Reflectors were interpreted within an interval that consist of Early Oligocene to Mid Miocene
strata (top CSS-3 to top CSS-6). To verify the work, the interpretation from this project was
compared to interpretations displayed in Faleide et al. (2002). The upper Hordaland Group was

investigated in terms of how mounds, chaotic reflectors and continuous reflectors were
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distributed within the study area. 34 wells were analyzed to investigate the total amount of sand

in the study area and the amount of uplift of the mounds.
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Chapter 2 Geological Background of the northern North Sea

2. Geological Background of the northern North Sea

Remobilization of sand is a phenomenon mainly recognized within the Cenozoic succession
(Figure 2-1), and hence the Cenozoic era represents the focus of this master project. The pre-
Cenozoic period is important for the development of today’s North Sea basin, and will thus be
briefly described, focusing on the most important events. The Cenozoic era will be described

in more detail.

NW NVGTI-92-105 SE

50 km

Figure 2-1: Regional seismic line NVGT-92-105, from Faleide et al. (2002). The seismic line goes through well
35/12-1 and 34/07-1. BT marks Base Tertiary, MC marks Mid Cretaceous and BC marks base Cretaceous. The
seismic sequences are annotated by the CSS-sequences, which will be introduced in chapter 2.2.

2.1 Pre-Cenozoic

2.1.1 The Paleozoic (542-251 Ma)

The Paleozoic era encompasses the Cambrian, Ordovician, Silurian, Devonian, Carboniferous
and Permian periods, respectively. The main event in the North Sea area during the Palaeozoic
was the formation of the Caledonian Orogeny. It occurred in Late Silurian to Early Devonian
time when Laurentia and Baltica collided. Approximately 60 million years later, Avalonia
entered the collision zone. As Figure 2-2 shows, Baltica was situated in the east, Laurentia

approached from the west, and Avalonia from the south. The latter started as a magmatic arc
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and was originally part of Gondwana, until it broke loose from the super continent during Early
Ordovician. The collision between the continents occurred as a response to the closing of the

northern and southern lapetus oceans (Coward et al., 2003).

In the North Sea the collision involved Laurentia and Scandinavia (part of Baltica) and
commenced already in Ordovician, when island arc material was pushed onto the accretionary
prism. The convergence continued as south-easterly trending overthrusting onto Baltica, which

persisted until Silurian time (Coward et al., 2003).

The collapse of the Caledonian Orogeny occurred in Devonian to Carboniferous, and is also an
important part of the North Sea Basin evolution. Pull-apart basins developed, and created
grabens, in addition to a drastic increase of the sediment influx linked to the collapse and erosion

of the mountain range (Coward et al., 2003).

l:l Laurertia =i Thrust
l:l Baltica mafimme  Strike-slip faut
e g Relative
Avalonia plate movement
E Oceanic domain

Figure 2-2: Illustration the formation of the Caledonian orogeny (Coward et al., 2003).

2.1.2 The Mesozoic (251-66 Ma)

The Mesozoic era is divided into three periods, Triassic, Jurassic and Cretaceous. Two major
rifting episodes characterize the pre-Cenozoic era, the first occurred in Permo-triassic and the
second in Mid to Late Jurassic. Each rifting episode was followed by a period recognized by

thermal relaxation and subsidence (Feerseth, 1996; Whipp et al., 2014).

The Permo-Triassic rifting event represent the break-up of the supercontinent, Pangea (Ferseth,
1996). The rifting resulted in tilting of fault blocks and tilted half grabens, which became
sedimentary basins. The sedimentary basins represented a major depocenter, bound by faults
that probably continued through the entire crust (Feerseth, 1996; Whipp et al., 2014). During

6
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Triassic, the half-grabens were filled and draped by alluvial, fluvial and lacustrine sediments,
which represent the Hegre Group (Whipp et al., 2014). The continental environment persisted
until Early Jurassic time, and during this period the Statfjord Group was deposited. The
Statfjord Group represents an important hydrocarbon reservoir in the northern North Sea. The
Dunlin Group overlies the Statfjord group, and consists of a marine shale deposited during a

transgressive period (Steel, 1993).

In Mid Jurassic, the northern North Sea was characterized by tectonic uplift, and hence a relative
sea level fall. As a result of the relative sea level fall, followed by relative sea level rise, the
Brent delta developed as a regressive-transgressive delta system, representing the Brent Group.
The Brent Group represents important hydrocarbon reservoirs in the North Sea (Helland-
Hansen et al., 1992).

The second rifting event during the Mesozoic took place from Mid to Late Jurassic, and was
initiated simultaneously as the deposition of the Brent Group. The extension caused reactivation
of the faults that were formed during the Permo-Triassic rifting, in addition to generating new
faults (Feerseth, 1996). The rifting mainly caused a deepening of the basin, and consequently
drowning of the Brent delta, and deposition of the Viking Group. The Viking Group is solely
characterized by marine sediments (Ziegler, 1975; Gautier, 2005; Whipp et al., 2014).

During the Late Kimmeridgian to Late Berriasian (Late Triassic to Early Cretaceous) a major
flooding occurred, creating an anaerobic marine environment. The marine anoxic conditions,
together with high organic productivity, developed favourable conditions for generation of
hydrocarbon source rocks. The deep-marine mudstone, represented by the Draupne Formation,
was deposited throughout this period and posed an important source rock in the North Sea
(Gautier, 2005).

In summary, the North Sea basin developed as a result of three major rifting episodes, each
followed by a period of thermal relaxation and subsidence (Ziegler and Van Hoorn, 1989;
Ngttvedt et al., 1995):

1. Devonian extension in an intermontane basinal setting.

2. Permo-Triassic rifting, characterized by low relief and alluvial plain settings. This
rifting episode marks the breakup of the supercontinent Pangea.

3. Late Jurassic-Cretaceous rifting, characterized by deep marine conditions.
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The three rifting phases above caused thinning of the crust, and hence lowering of the crustal
surface relief, causing changes in the accommodation space and sediment supply (Ngttvedt et
al., 1995; Ravnas et al., 2000).

2.2 The Cenozoic (66 Ma — today)

The tectonically passive Cenozoic is the youngest geological era, characterized by several uplift
and subsidence episodes above the pre-existing rift basin. The era consists of the epochs:
Palaeocene, Eocene, Oligocene, Miocene, Pliocene and Pleistocene, respectively, and they will
be addressed in the text in the same order. Jordt et al. (1995) divided the Cenozoic succession
into 10 seismic sequences based on the stratigraphic framework of the North Sea (Figure 2-1).
The division of the Cenozoic seismic stratigraphic sequences (CSS-sequences) was based on
biostratigraphic data from a selection of key wells, presented by Eidvin and Riis (1992);
Galloway et al. (1993); Gradstein and Backstram (1996); Martinsen et al. (1999); Eidvin et al.
(2000). The division was later improved by Jordt et al. (2000) and Faleide et al. (2002).
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Figure 2-3: A) Displays the lithostratigraphy of the northern North Sea (from Lien (2017), modified after
Gradstein et al. (2010)). B) Displays a zoom-in of the lithostratigraphy of the Cenozoic succession, put into context
with the CSS- sequences (from Faleide et al. (2002)).
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2.2.1 Palaeocene

One of the two main uplift episodes are registered in Palaeocene, and Faleide et al. (2002) argue
that it is related to the arrival of the Iceland Plume, which initiated the break-up of the northeast
Atlantic Ocean. The tectonic uplift caused erosion of the provenance area, generating sand rich
clinoforms building out into the North Sea basin. The clinoforms form sediment wedges, most
likely due to subsidence of the basin in combination with increased sediment supply. As a result
of the sediment infill of the North Sea basin, the relative sea level decreased. The sediments
deposited in the North Sea basin during Palaeocene constitute the Rogaland Group (Isaksen and
Tonstad, 1989). The main provenance area was located on the East Shetland Platform and the
Scottish Highlands in the west. Other provenance areas were located at the eastern part of the
Scandinavian continental platform (Jordt et al., 1995; Faleide et al., 2002).

The Mesozoic sediments deposited in the rift basin and on the platform were exposed to
differential compaction, caused by reactivation of the Mesozoic graben faults, especially along
the margin of the West Shetland Basin. The syn-depositional faulting occurred as a result of
regional subsidence (Milton et al., 1990).

During the Paleocene—Eocene transition, the North Sea experienced a regional transgression,
which is observed in the Late Paleocene—Early Eocene succession as aggradational and uniform
layers. The transgression was onset by volcanism in the west, continued by uplift of the Atlantic
continental margin and regional tectonic subsidence in the east (Jordt et al., 1995). The source
area of the Late Paleocene—Early Eocene succession was most likely the Basaltic province
formed in relation to the North Atlantic rift zone (Faleide et al., 2002).

2.2.2 Eocene

The deposition of the Rogaland Group persisted until the Early Eocene. At this time, the North
Sea basin was still subsiding, and the opening of the North Atlantic Ocean was complete
(Ziegler, 1975; Isaksen and Tonstad, 1989). Volcanic activity occurred as a response to the
opening of the North Atlantic Ocean, and hence volcanic material appear in the upper part of
Rogaland Group (the Balder Formation) (Isaksen and Tonstad, 1989).

The transition from CSS-1 to CSS-2 marks a break in deposition. CSS-2 is characterized by a

major transgression event, where the flooding caused deposition of mud in the North Sea basin.

The initiation of CSS-2 coincides with the base of the Hordaland Group (Figure 2-3). After the

break, there was a shift in deposition to a more basinward direction, which is observed as

onlapping onto the basin margins (Faleide et al., 2002). Deepwater and slope processes were

the main depositional feature in the formation of the Eocene succession, e.g. the deposition of
9
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Lower Eocene Frigg Formation deposited as a submarine fan, sourced from the East Shetland
Platform (Faleide et al., 2002).

The sediments that were deposited during Mid Eocene time and onwards consist of mud and
silt, whilst sand was deposited episodically at the fringe of the basin (Faleide et al., 2002).
During Late Eocene, the northern North Sea was exposed to tectonic uplift and relative sea level
fall, which caused erosion and starvation in large parts of the northern North Sea basin, but it
also promoted delta systems to build out from west into the North Sea (Jordt et al., 1995; Faleide
et al., 2002). The sandy Grid Formation was deposited during this period, and consist of sand
interbedded with claystone sourced, from the East Shetland Platform (Isaksen and Tonstad,
1989).

The transition between Eocene and Oligocene marks a major global climate shift, from
greenhouse to icehouse conditions and hence a drop in bottom water temperatures (4-5°C)
(Rundberg and Eidvin, 2005). Rundberg (1989) observed changes in the clay mineralogy in the
northern North Sea, and based on similar observations made in other parts of the world, it was
suggested that the changes were linked to the global cooling of the climate (at this time). The
mineralogical changes involved initiation of siliceous-rich sedimentation in the northern North
Sea. Based on biostratigraphical data, a hiatus is recognized between Eocene and Oligocene,
which also marks the boundary between CSS-2 and CSS-3 (Jordt et al., 2000).

2.2.3 Oligocene

CSS-3 represents the Early Oligocene succession (Figure 2-3). Though Faleide et al. (2002)
describe thinning of the Oligocene succession towards east and west, they also emphasize the
East Shetland Platform as the main provenance area of the North Sea basin during Oligocene.
During Early Oligocene, the first major accumulation of sand was fed to the northern North
Sea, sourced by the East Shetland Platform (Rundberg and Eidvin, 2005; Eidvin et al., 2014).
Rundberg and Eidvin (2005) suggest that the high sediment influx was caused by a compressive
tectonic episode, linked to development of a new plate-configuration. The accumulated sand is
in some areas measured to a maximum thickness of 400m. Consequently, it is assumed that the
compressive regime have generated major uplift episodes and erosion of the East Shetland
Platform to generate such large volumes of sand (Figure 2-4; Rundberg and Eidvin, 2005).
Apart from the sandy pulses derived from the East Shetland Platform during uplift episodes,
the Oligocene sedimentation was dominated by mud in the northern North Sea (Eidvin et al.,
2014).
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Chapter 2 Geological Background of the northern North Sea

The boundary between CSS-3 and CSS-4 is marked by the intra-Oligocene unconformity
formed as a result of uplift of Fennoscandia together with parts of the North Sea basin, which
caused a relative sea level fall (Jordt et al., 2000; Faleide et al., 2002). The regression was
closely followed by a minor relative sea level rise, and hence the Late Oligocene succession
was dominated by aggradation of silt and clay, with occasional uplift episodes generating
accumulation of sand in the basin. By the end of Oligocene, the North Sea had become a narrow
and relatively shallow basin, due to compressional tectonics causing uplift and sediment infill
(Faleide et al., 2002).

e & e w1

Figure 2-4: The figure displays the regional setting of the North Sea basin during Early Oligocene. 2) Areas
exposed to uplift, 4) main depocenters and 7) outbuilding directions (Figure 15 in Faleide et al., 2002).

2.2.4 Miocene

The Miocene succession is divided into three sequences: CSS-5, CSS-6 and CSS-7 (Figure 2-
3). According to Faleide et al. (2002) the Miocene sequences are present in the northern North
Sea. However, because the depocenters are located in the south, the sequences thin towards

north and are in some areas absent. In other areas the thickness of the sequences are below
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Chapter 2 Geological Background of the northern North Sea

seismic resolution, which makes it hard to distinguish the different sequences within the

Oligocene-Miocene succession.

The sedimentation pattern during Early Miocene resembles the one in Late Oligocene. What
separates them is a change in depocenter, from the Tampen area to the Viking Graben (Faleide
et al., 2002). A new major sand influx episode occurred in Early Miocene, and deposited what
today is recognized as the Skade Formation (maximum thickness 300m). The Skade Formation
was sourced from the East Shetland Platform, deposited in an open marine environment and
consists of sand interbedded with claystone (Isaksen and Tonstad, 1989; Rundberg and Eidvin,
2005; Eidvin et al., 2014). It is probably a continuation of the Hutton sands at UK sector
(Gregersen and Johannessen, 2007). Except from the high sediment influx during the deposition
of the Skade Formation, the deposition rate during Early to Mid Miocene was characterized by

a low accumulation rate (Faleide et al., 2002).

The boundary between the Hordaland Group and the Nordland Group is characterized by a
mudstone sequence, most likely formed in a distal part of a submarine fan, possibly the Frigg
fan (Eidvin et al., 2013). The Mid Miocene Unconformity is located on the top of this mudstone
sequence (Faleide et al., 2002; Rundberg and Eidvin, 2005). During the hiatus, the top
Hordaland Group was re-worked by post-depositional processes, and hence parts of the surface

do not display primary depositional features (Lgseth et al., 2003; Laseth et al., 2013).

There are uncertainty linked to how the hiatus was formed, e.g. if it was formed submarine or
subaerial (e.g. Jordt et al. (1995) and Rundberg and Eidvin (2005)). Rundberg and Eidvin
(2005) have not observed any subaerial evidence in the wells they examined, but instead they
found evidence suggesting a shallowing of the basin due to a relative sea level fall. Faleide et
al. (2002) also suggest that the hiatus was triggered by a glacio-eustatic sea level fall, together
with regional uplift. In contrast, Martinsen et al. (1999) and Lgseth et al. (2013) propose that
the entire North Sea was uplifted and then subaerially eroded during the formation of the Mid

Miocene Unconformity.

During Late Miocene (CSS-7), the North Sea basin was almost closed due to tectonic uplift of
surrounding landmasses. At this time, the shallow northern North Sea basin operated as a link
between the deeper central North Sea and the Norwegian — Greenland Sea (Faleide et al., 2002;
Rundberg and Eidvin, 2005).

The Cenozoic era is characterized by three major episodes with significantly sand rich sediment
influx to the North Sea basin, and the third episode occurred in Mid Miocene to Early Pliocene
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time. The large sand deposit is recognized as the Utsira Formation (Rundberg and Eidvin, 2005;
Gregersen and Johannessen, 2007). It was deposited in a shallow marine environment, on top
of the Mid Miocene unconformity, mainly sourced from the East Shetland Platform (Galloway
et al., 1993; Gregersen et al., 1997; Martinsen et al., 1999; Rundberg and Eidvin, 2005).

2.2.5 Pliocene and Pleistocene

Sediments derived from the Norwegian landmasses, prograded westwards and downlapped
onto the Utsira Formation. The glaciation processes were initiated as a continuation of the uplift
and subsidence episodes during Miocene-Pliocene, and became the main sediment source (Jordt
et al., 1995; Faleide et al., 2002). The controlling factor affecting the westward progradation
was the variation in eustatic sea level, causing changes in accommodation space, which resulted

in the high-frequency sequences (Sgrensen et al., 1997).

A new major uplift phase occurred in Late Pliocene to Early Pleistocene time, partly resulting
from isostatic uplift due to unloading caused by glacial erosion. Metamorphic phase changes in
the mantle, intra-plate stress, erosion and flexural effects also amplified the uplift episode (Jordt
et al., 1995; Faleide et al., 2002).

CSS-9 and CSS-10 are of Pleistocene age (Figure 2-3). In short, Pleistocene is a continuation
of the trends described in Late Pliocene, with erosion and progradation of glacial derived
material. The Pleistocene succession is deposited on top of the Late Pliocene progradational
strata forming an angular unconformity. Pleistocene deposits is reworked by glacial processes,

which were intensified during this epoch (Faleide et al., 2002).
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Chapter 3 Remobilization of sand

3. Remobilization of sand

Some background knowledge about remobilization of sand, and the different processes linked
to the phenomenon is essential to get a good understanding of the topics discussed in this thesis.
The concepts of slope failure and the centroid effect will also be described, as these may be
closely linked to trigger mechanisms of subsurface sand remobilization. The following chapter

will also provide information on recognition of sand intrusions from seismic data.

Sand intrusions were first described by Murchison (1827), but the importance of the
phenomenon was not appreciated until Dixon et al. (1995) showed that sand injectites can be
important in petroleum exploration and production. Sediment remobilization occur as a result
of pore fluid flow processes in the subsurface, at relatively shallow depths (<1km burial;
Lonergan et al., 2000; Jonk, 2010). Sand remobilization is characterized as a syn- or post-
depositional phenomenon, which moves sand away from where it was originally deposited.
(Lonergan et al., 2000; Hurst et al., 2003a; Hurst et al., 2003b; Szarawarska et al., 2010). Here,
post-depositional sand remobilization will be addressed. In this thesis, the term “remobilized
sand” and ““subsurface sand remobilization” are used to describe liquefied or fluidized sand that
is either injected into surrounding strata (sand injectites/intrusions or extrusive sand/extrudites)
or remobilized within the layer. The sand injection may happen upwards, downwards or lateral,
depending on the easiest migration route (Parize and Friés, 2003; Jonk et al., 2007b; Beyer,
2015). If the remobilized sand reaches the seafloor it is known as “extrusive sand” or a “sand
extrudite” (Hurst et al., 2006).

3.1 The sand remobilization process

When a sand is remobilized, it retains its density, but the viscosity is reduced to the viscosity
of the fluid. Two different mechanisms can cause this situation, fluidization and liquefaction.
Fluidization is the process where an external fluid is injected into the sediment. If the velocity
of the fluid is higher than the sinking velocity of sand grains in water, the fluid flow will carry
the grains. In contrast, liquefaction occurs due to reorganisation of the grains, causing the grain
framework to collapse and expulsion of excessive pore fluids (Lowe, 1979; Maltman and
Bolton, 2003). In this thesis, sand remobilization includes both liquefaction and fluidization

mechanisms, and are together referred to as liquidization (Allen, 1982).
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For sediment remobilization to be possible, there are certain prerequisites that needs to be
fulfilled. First, a parent sand (the source of the sand) must be present. The parent sand is an
unconsolidated sand body, and is therefore capable of being remobilized. Sand injectites are
commonly detached from its source, which makes it hard to identify parent beds (Diller, 1890;
Peterson, 1966; Parize, 1988).

Secondly, the parent bed must be overlain by a cohesive and low permeable seal (e.g.
claystone), thus acting as a pressure barrier (Cartwright et al., 2007). Consequently, some of
the pore fluids entrapped in the sand during deposition will remain in the pores despite the

weight of the overburden, thereby generating overpressure (Jonk, 2010).

Build-up of fluid overpressure in the unconsolidated sand body is crucial in the process to make
sediment remobilization possible (Jolly and Lonergan, 2002). Overpressure is reached when
the fluid pressure exceeds the hydrostatic pressure, which constitutes the weight of the water
column (Maltman, 1994; Swarbrick and Osborne, 1998). In addition to the presence of
overpressure fluids, a trigger mechanism is necessary to initiate the remobilization. Different

trigger mechanisms are presented and evaluated in section 3.2.

To summarize, the remobilization process is dependent of three prerequisites:

1. A parent sand, which is the source of the remobilized sand.
2. A seal represented by a low permeable rock, to make overpressure build-up possible.
3. A trigger mechanism is necessary to initiate fluidization or liquefaction, which thereby

result in sand remobilization.

3.2 Trigger mechanisms

The trigger mechanism needed to initiate sand remobilization is, in this thesis, defined as a
relatively rapid event that creates a steep overpressure gradient between the unconsolidated
sand body and shallower strata. A steep pressure gradient may also develop internally in a layer,
e.g. by local grain rearrangement. Grain rearrangement results in a denser grain packing and
thereby an excess fluid volume. This fluid volume will be overpressured unless it can be drained

as rapid as the compaction caused by the grain rearrangement.

Several different trigger mechanisms have been proposed in the literature, but the chain of
events from trigger to remobilization is rarely well proved and explained. The different

suggested mechanisms include: 1) shearing caused by large-scale earthquakes, 2) shearing
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caused by meteoritic impacts, 3) tectonic stress in tectonic active areas, 4) rapid migration of
hydrocarbon or pore fluids into the unconsolidated sand body, 5) build-up of excessive pore
pressure due to depositional processes, 6) formation of polygonal faults, 7) rapid compaction
and subsidence linked to glaciation, and 8) lateral pressure transfer. These mechanisms are all

explained in the following subchapters.

3.2.1 Shearing caused by large magnitude earthquakes

Shearing caused by large magnitude earthquakes as a trigger mechanism for remobilization of
sand, is the most commonly proposed trigger mechanism in the literature (Fuller, 1912; Gill
and Kuenen, 1957; Reimnitz and Marshall, 1965; Hesse and Reading, 1978; Obermeier, 1989;
Saucier, 1989; Sims and Garvin, 1995; Galli, 2000; Jolly and Lonergan, 2002; Briedis et al.,
2007; Huuse et al., 2007; Cartwright, 2010; Huuse et al., 2010; Szarawarska et al., 2010; Wild
and Briedis, 2010). Large magnitude earthquakes are capable of fluidizing sand at shallow
depths (approximately 10m). Whereas, on greater depths liquidization of sand by seismic
activity is unlikely. At greater depths the strata are exposed to larger overburden stress, but still
shallow enough for pore pressures to be stable. Sand injection occur at 500-1000m depth, and
this implies that even the largest magnitude earthquakes are uncapable of triggering sand

remobilization at these depths (Jackson, 2007).

3.2.2 Shearing caused by meteorite impacts

Shearing caused by meteorite impacts was a frequently proposed trigger mechanism in the past
(Huuse et al., 2007; Huuse et al., 2010; Szarawarska et al., 2010; Hurst et al., 2011). Meteorite
impacts are rare events, and they are randomly distributed across the globe. While such impacts
may have resulted in sand remobilization some places, they cannot be a main trigger mechanism
for sand injectites worldwide: a) because sand injectites are a common phenomenon, and b)

because they do not occur randomly, but are confined to certain basin types and time periods.

3.2.3 Tectonic stress in tectonic active areas

Winslow (1983) proposed tectonic stress in tectonic active areas to be a possible trigger
mechanism for remobilization of sand. The suggestion is based on fieldwork carried out in the
Southern Patagonia and Tierra del Fuego (the southern Andes) fold and thrust belt, where it
was observed clastic dike swarms that had been injected into the Cenozoic foreland fold and
thrust belt. Dike swarms occur at the toe of thrust faults, intruding into the hanging wall. Based
on these observations, sand remobilization seems to be related to the tectonic compression, and

hence this type of trigger mechanism is only relevant for tectonic active margins. Other authors
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have also proposed tectonic stress as a as an important trigger mechanism (e.g. Peterson, 1966;
Huang, 1988).

3.2.4 Rapid fluid migration of hydrocarbons or pore fluids into an unconsolidated sand
body

Rapid fluid migration of hydrocarbons or pore fluids into an unconsolidated sand body as a
trigger mechanism for sand remobilization have been suggested by several authors (Jenkins,
1930; Brooke et al., 1995; Cole et al., 2000; Lonergan et al., 2000; Yardley and Swarbrick,
2000; Jolly and Lonergan, 2002; Davies et al., 2006). This proposal involves migration of
hydrocarbon or pore fluids into an unconsolidated sand body to increase the overpressure,
resulting in fluidization of the sand. If migration of hydrocarbons would pose an important
trigger mechanism, sand intrusions would be expected to occur more frequently above

hydrocarbon reservoirs and reservoirs that reveal shows of hydrocarbons, e.g. in the North Sea.

Davies et al. (2006) have suggested the mineral transformation from opal A to CT as an external
fluid source, and hence a source to generate overpressure and fluidization. The basis of their
suggestion is that the mineral transformation from opal A to opal CT occurs at depths of less
than 500m. In the transformation process the porosity is reduced and water is released rapidly.

Expansion of hydrothermal fluids due to igneous intrusions was suggested as a trigger
mechanism for sand intrusions by e.g. Moreau et al. (2012); Hartmann et al. (2013); Pinto et al.
(2015). The process is onset by heating of pore fluids, causing the pore fluid pressure to rise
and potentially migrate into or within an unconsolidated sand body. This type of trigger

mechanism is capable of fluidizing large volumes of sand (Moreau et al., 2012).

Tidal pumping (Taj et al., 2014) is a trigger mechanism associated to coastal plains. This
process is only capable of remobilizing small amounts of sand, and hence it will not be further

described in this thesis.

3.2.5 Build-up of excessive pore pressure due to depositional processes

Build-up of excessive pore pressure due to depositional processes includes passage of storm
waves (Allen, 1985; Martel and Gibling, 1993), slumping (Gill and Kuenen, 1957; Truswell,
1972), and channel switching (Hiscott, 1979). This trigger mechanism refers to small scale sand

remobilization, and will hence not be evaluated further in this thesis.
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3.2.6 Formation of polygonal faults

Formation of polygonal faults has also been suggested as a trigger mechanism for the formation
of sand intrusions and extrudites (Lonergan and Cartwright, 1999; Cosgrove and Hillier, 2000;
Gras and Cartwright, 2002; Hillier and Cosgrove, 2002; Cartwright et al., 2003; Hurst et al.,
2003a; Cartwright, 2007). Polygonal faults are recognized as normal faults with moderate throw
in a seismic cross-section. The formation process is not yet fully understood, but Cartwright et
al. (2003) suggested that the polygonal faults may be generated by density inversion, gravity
collapse, syneresis or compactional loading. Sand intrusions have been observed along the fault
plane of polygonal faults, but despite the previous mentioned observation, Jackson (2007)
exclude the phenomenon as a trigger mechanism and controlling factor for sand intrusions. This
conclusion was substantiated by: 1) dikes are offset by polygonal faults, which implies that in
some cases the sand remobilization happens prior to the formation of faults, 2) if the sand
injectites were related to the polygonal faults, the distribution of sand intrusions should have
exposed a polygonal pattern in plan-view, which is disproved. The arguments are based on
observations from the North Sea.

3.2.7 Rapid compaction and subsidence linked to glaciation

Rapid compaction and subsidence linked to glaciation (Dreimanis and Rappol, 1997; Hyam et
al., 1997; Passchier, 2000; Le Heron and Etienne, 2005; Laseth et al., 2013; Parnell et al., 2013)
are also a proposed trigger mechanism of sand remobilization. The glacier apply pressure to the
underlying sediments, allowing build-up of overpressure. As the glacier moves, it cause

shearing and consequently grains are reorganized which may cause liquefaction of sand.

3.2.8 Lateral pressure transfer

Lateral pressure transfer, caused by the centroid effect (Yardley and Swarbrick, 2000) is also
suggested as a trigger mechanism for sand injectites (Stump and Flemings, 2000; Flemings et
al., 2002; Cartwright, 2010). The centroid effect will be further described in section 3.3.

3.2.9 Experiments for triggering of sand remobilization

Several experiments have been conducted to demonstrate and understand how sand
remobilization is triggered. Rodrigues et al. (2009) succeeded in triggering sand injectites in
the laboratory using layers of sand, glass microspheres and silica powder. The sand and the
glass microspheres were the components capable of being fluidized, and the silica powder
represented the properties of a claystone. To fluidize and remobilize the sediments, they added
compressed air from below (external fluid source) to build up overpressure and eventually
trigger remobilization (Figure 3-1).
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Figure 3-1: Hllustration of the setup (A) and results (B) of the experiment conducted by Rodrigues et al. (2009).

Hermanrud et al. (2010) conducted another lab experiment, using a tube filled with water and
supplied sand and then kaolin powder, to simulate unconsolidated sand covered by a caprock.
Instead of triggering sediment remobilization with an external water source, they tilted the tube
and hit the tube repeatedly with a hammer, followed by rotation of the tube relatively fast from
clockwise to counter-clockwise. The different movements were carried out to provoke
reorganization of the sand grains, and thereby sediment compaction. The compaction and
reorganization of the sand grains resulted in excessive pore fluid that needed to escape and

hence sand was liquefied (Figure 3-2).

Figure 3-2: Experiment conducted by Hermanrud et al. (2010), where a) shows water starting to intrude into the

kaolin layer, and b) shows how the kaolin collapses into the sand when the liquefaction process stops.
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3.3 Pore fluid pressure and the centroid concept
To understand the sediment remobilization process, it is important with knowledge about
subsurface fluid behavior. Pore pressure is a fundamental component in the understanding of

subsurface fluid flow, and hence the understanding of the formation process of sand injectites.

Pore fluid pressure describes the fluid pressure in the pore space (Bruce and Bowers, 2002).
Pore pressures versus depth relationships are often separated into two different regimes. The
upper regime is characterized by normal pressure, and the fluids are in pressure communication
with the surface. Hence, pressure in the upper sequence follows a hydrostatic pressure gradient.
The lower sequence is divided into different compartments with fluid pressures that are not in

pressure communication with the surface, i.e. non-hydrostatic (Shaker, 2002).

The centroid concept was first defined in 1997 (Traugott, 1997). It describes how the pore
pressure in reservoirs and seals are dependent of the structural relief and overburden weight.
The fundamental idea behind the centroid concept is that along an inclined structure, composed
of seals (e.g. shale) and reservoirs (e.g. sand), there is a midpoint where the pore pressure is in
equilibrium between the seal and the reservoir (Yardley and Swarbrick, 2000; Shaker, 2005).
As displayed in Figure 3-3, the pore pressure gradient of the sand follows the hydrostatic
gradient, while the pore pressure gradient of the shale is parallel to the lithostatic gradient
(YYardley and Swarbrick, 2000).

Figure 3-3: Model that explains the centroid concept based on the pressure relationships in a sequence that consist

of shale and sand. The pressure gradient of the sand (marked with yellow) is parallel to the hydrostatic gradient,
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and the pressure gradient of the shale (marked with grey) is parallel to the lithostatic pressure, and hence the
centroid appears at the midpoint of the sand layer. This is the only place where the pressure of the sand and the

shale are equal (slightly modified from Yardley and Swarbrick, 2000).

Lateral pressure transfer from deep to shallower strata are caused by the centroid effect, and is
by Yardley and Swarbrick (2000) and Cartwright (2010) suggested as a possible trigger
mechanism for sand remobilization (Figure 3-4). Jonk (2010) on the other hand, propose that

lateral pressure transfer does not generate high enough fluid flow velocities to remobilize sand.
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Figure 3-4: Lateral pressure transfer triggering sand remobilization in an inclined unconsolidated sand body
(slightly modified from Cartwright, 2010).

3.4 Submarine slides

Unstable slopes are recognized at both passive and active margins, and at both low- and high
angled slopes. Unstable slopes may be exposed to slope failure (also called submarine slides
and submarine mass failures), triggered by an external event, e.g. oversteepening caused by
flank uplift (Huvenne et al., 2002), earthquakes (Moore and Shannon, 1991), seepage (e.g. gas
and dissociation of hydrates) and high sedimentation rates (Gardner et al., 1999). Slope failure
is usually caused by a combination of several trigger mechanisms and occur when the internal

shear strength of the sediment layer is exceeded (Lee et al., 1999; Huvenne et al., 2002).

Nardin et al. (1979) define two subclasses of slides; glides and slumps. The main difference
between the two are that slumps are characterized by rotational movements along a discrete
surface, but little internal deformation. Whereas, glides slide along a horizontal surface (without
rotational movements), also with little internal deformation. The sedimentary structures linked
to glides are generally recognized as undeformed bedding, though some plastic deformation at

toe of slope or at the base of the slide might occur (Nardin et al., 1979).
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Slumps can be identified on seismic as a unit with a deformed slope and base-of-slope
component. Rotated blocks can be observed in seismic sections (Nardin et al., 1979). What
characterizes both glides and slumps in seismic data are that the reflectors are generally
continuous and undisturbed, though the deposits may show a certain grade of distortion in some
parts of the deposit (Nardin et al., 1979). Often the headwall scarp is visible in seismic, both in
map view and profile view. The headwall scarp marks the sharp boundary where the slide was

released (Olafiranye et al., 2013).

Huvenne et al. (2002) describes a feature in the western Porcupine Basin (offshore Ireland),
where a thin (~85m) but laterally extensive (>750 km?) slab of sediments was transformed into
a slide (Figure 3-5). Once the slope failure has been triggered, the overpressured and hence
weak layer at the base of the slab is liquefied and collapses. It is recognized as the detachment
surface. Consequently, the liquefied sediments were interpreted to form a slide, and the
detachment surface acted as the slide plane. In this case the slide stopped before it got to the toe
of slope, but if the slide had continued, compression and over-thrusting at the toe of slope most
likely would have occurred (Hampton et al., 1996; Huvenne et al., 2002). The Porcupine basin
is located at the same tectonic setting as the North Sea basin, and hence the Porcupine basin

will be used as a reference for interpretation of seismic observations in the northern North Sea.
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Figure 3-5: Simple sketch of the slope failure process described in Huvenne et al. (2002), a) The slope is in its
initial, b) illustrates the first stage after the slope failure has been triggered, c) the sediment slab has started to slide
down the slope. This is when the sand layer liquefies as a result of reorganization of the grains due to the shear
movements. d) Huvenne et al. (2002) suggests a hypothetical last stage of the slide, describing over-thrusting of

sliding material. The squares illustrate blocks of undisturbed sediments (Figure 8 in Huvenne et al., 2002).

3.5.1 Geometries and seismic identification of remobilized sand

Indications of remobilized sand have been observed in both outcrop and on seismic data. The
outcrops in e.g. Panoche and Tumey Hills (Figure 3-6) are commonly used as analogues to try
to understand sand intrusion networks from observations in seismic data. If seismic data was
acquired from the outcrop displayed on Figure 3-6, most of the sand intrusions would not have
been visualized, since the size are below seismic resolution. Hence, inferences about fluid
pressure variations within injection complexes are uncertain. Even dikes that are tens of metres

wide may be hard to resolve on seismic data if they are steep (A. Grippa, pers. comm. 2017).

24



Chapter 3 Remobilization of sand

\Iullll ayer Sillsand

Thin- bgd;lud Turbidite /

[~_Parent Bed

=== Extrudites Palaeo-seafloor Sills / / Dykes : Parent Bed

Sluggcn.d Sills I

Figure 3-6: Overview of the eastern part of Panoche Giant Injection Complex, Marca Canyon. If seismic data was
acquired from this outcrop, most of the intrusions would be too small to be visualized (Figure 2 in Vigorito et al.,
2008).

3.5.2 Seismic identification of extrusive sands

Extrusive sand (referred to as extrudites, by Hurst et al. (2006)) is defined as remobilized sand
that has reached the surface. The most common examples are sand volcanoes, which are
recognized on seismic data as conical features (Hurst et al., 2011). Extrudites also occur as thick
and lateral extensive sheets, wedging out in all directions from its feeder (Figure 3-7). These
extensive sheets may be misinterpreted as intrusive sills or depositional sand bodies (Hurst et
al., 2006; Lgseth et al., 2012). Sheet-like extrudites can be identified as downlapping features
onto the seafloor and onlapping features onto a high, e.g. a mound (Lgseth et al., 2012).
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Figure 3-7: Seismic profile cross-cutting the Snorre Field in the North Sea. The figure shows extrusive sand bodies
that onlap onto the mounds (m), and fills the ditches (d) created by the mounds. Intrusive sands (i) are located

below the mounds. The top of the extrusions are represented by a ridge (R) (Figure 2 in Lgseth et al., 2012).

3.5.3 Seismic signatures and geometries of intrusive sands

Intrusive sands can have a variety of geometries, influenced by rheology of the host rock, the
properties of the parent sand and the stress rate when the remobilization occurred (Pollard and
Johnson, 1973; Jolly and Lonergan, 2002). The geometries of the sand injectites can be divided
into sills, high- and low- angled dikes and sometimes also irregular geometries that together

constitute the “building blocks” in larger geometries, like conical intrusions and saucer-shapes
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(Figure 3-8). Mounds (also referred to as forced folds or jack-up folds) can develop as a result
of the sediment remobilization (Thompson et al., 1999; Lonergan et al., 2000; Thompson et al.,
2007; Scott et al., 2009).
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Figure 3-8: Schematic overview of different sand injectite geometries that are commonly observed in Paleogene

(Paleocene, Eocene and Oligocene) strata in the North Sea (modified from Huuse et al., 2007).

The winglike structures are often well imaged on 2D seismic data, and are recognized as v- and
w- brights (Macleod et al., 1999; Duranti et al., 2002). The high acoustic impedance contrast is

often a result of carbonate cement within the sand injectite.

Dikes and sills are the most frequently observed sand injectite geometries (Lonergan et al.,
2000). Delaney et al. (1986) suggest that dikes develop as a fracture that opens normal to the
least compressive stress direction. In a basin that is not impacted by tectonic stress, the largest
stress component will be the lithostatic stress (Figure 3-9), occurring as a result of the weight
of the overlying sediments. A dike will develop in this kind of environment if the pore fluid
pressure exceeds the horizontal stress together with the tensile strength of the host sediment,
which tends to be oriented sub-parallel to gently-dipping beds (Delaney et al., 1986; Price and
Cosgrove, 1990; Lonergan et al., 2000). Dikes tend to propagate upwards until the pore pressure
exceeds the lithostatic stress (the fluid pore pressure are able to carry the weight of the
overburden), and the intrusion continues as a sill (Lonergan et al., 2000). Since formation of
sills require larger fluid pore pressures than the formation of dikes, dikes are more frequently
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observed among the deeper intrusions. Sills occur more frequently at shallower depths
(Lonergan et al., 2000). Figure 3-9 provides an overview and summary of where the different

geometries occur in a tectonically passive environment, based on depth and pressure.
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Figure 3-9: The figure displays the link between hydrostatic pressure and sand remobilization, in a basin where
the largest stress is vertical. Two different scenarios are presented (a and b). The sand body of case a) is sealed at
relatively shallow depth (point a), and consequently the pore fluid pressure transcends the horizontal pressure and
causes seal failure at a shallow depth (point a”). The seal failure results in a dike, and transforms into a sill when
the pore fluid pressure exceeds the lithostatic pressure (vertical pressure) (point a’’). The sand body of case b) is
sealed at a deeper level compared to a) (point b). The seal is breached at point b’, and a dike starts to form. Because
the breach of the seal happens at a deeper level compared to in case a), the differential pressure is larger, which
implies that the fluid velocities will be higher and therefore capable of carrying more sand. When the pore fluid
pressure exceeds the lithostatic pressure, the dike transforms into a sill (slightly modified from Lonergan et al.,
2000).
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4. Data and methods

4.1 Basinal setting of remobilized sands worldwide
This chapter describes the methodology of the literature study that is presented in chapter 5.

The literature was collected through a research using oria.no and scholar.google.no. It is
important to emphasize that there are observed sand injectites at more locations than what
appears in this study, but the collected data represents a significant selection. The collected data
include some papers describing certain sand remobilization provinces, as well as papers that

include data from several locations.

The data was sorted according to the basin setting at the time of sand remobilization. Here, the
basinal setting is defined as the location in the basin where the sand intrusions occur. A similar
study was conducted by Jolly and Lonergan (2002). They categorized sand intrusions based on
the depositional environment where the sand intrusions occur, and suggested different trigger
mechanisms. The investigations in this thesis are broader than that of Jolly and Lonergan
(2002), as it also includes what trigger mechanisms that are likely to be present in the specific

tectonic settings where sand remobilization occur.

The sand intrusions and extrudites were categorized into three different groups according to
their tectonic habitat: 1) convergent and transform margins, 2) inverted passive margins, 3)
other settings. Convergent and transform margins involve basins characterized by
compressional regime at the time of sand remobilization. Inverted passive margins include
basins that were tectonically quiet at the time of injection. The group referred to as “other
settings” includes remobilization of sand that reportedly occurred in tectonic settings where
only one or a few examples were identified. The group called “other” will not be included in
chapter 5, as most of those intrusions are small scale and the sand remobilization does not
appear to be directly related to the tectonic setting of the basin. One example of sand intrusions
that occur directly related to rifting was described by Ribeiro and Terrinha (2007). This location
was excluded since there was found only one paper describing sand intrusions on this type of
tectonic setting.

The different locations were summarized in Table 5-1. The table includes: 1) location, 2) basin
name, 3) specific area, 4) inclined parent body, 5) time of remobilization, 6) basin setting at the
time of remobilization, 7) location of remobilized sands in the basin, and 8) references to the

different locations where sand remobilization occurs. In total, 27 different locations were
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investigated. A complete version of the table presented in chapter 5.3 can be found in Appendix
B.

4.1.1 Limitations

e Some of the areas where sand intrusions and extrudites are observed, are described
thoroughly by several authors (e.g. the Panoche and Tumey Hills in California). In
contrast, other sand intrusion networks are only briefly described in more general
articles about sand intrusions (e.g. the Taranaki basin in New Zealand). Hence different
uncertainties are associated to the analysis of the separate locations.

e A master project is assigned with a certain amount of time, and hence the time used on
each location was limited. It could have been valuable to learn more about each
geological setting, to get a better understanding of the formation of sand intrusions. With

more time, more locations could have been included in the study.
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4.1.2 Workflow

Search after different locations
where sand remobilization is
documentet.

Reading articles to get an
understanding of the different
geological settings,

Categorizing the different locations
where sand injections ocour, based
on geological setting at the time of
injection.

Y

Convergent and transform marglnsl Other settings Inverted passive margins

Developing modals that explains
the relationship between:

1} the tectonic setting.

2) processes

3} trigger mechanism

Figure 4-1: Displays the workflow chart of the literature study. The continuation of the workflow describing
inverted passive margins are found in chapter 4.4.
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4.2 Northern North Sea seismic data

1 20000m |

Figure 4-2: The figure shows the extent of the regional seismic broadband data (3D-data), marked with the red
line.

This study was based on a regional seismic dataset of the northern North Sea. The Northern
Viking Graben (NVG) regional seismic Broadband data (3D-data) was provided by CGG. The
dataset is a mega merge, covering most parts of quadrant 30, 31, 34, 35, and limited parts of
29, 33 and 36 (Figure 4-2).

The inlines are oriented N-S and the crosslines are oriented E-W. The seismic was collected
with an interval of 12,5 m, but because of the large size of the dataset, it was cropped to make
it easier to work with in the software. The crossline spacing was increased to 37,5m, and the
inline spacing was increased to 56,25m after cropping. The depth was cropped at 5000

milliseconds.

The red reflectors represent positive values (peaks) and the blue reflectors represent negative

values, which show that the data have normal polarity. The dataset is zero-phase processed.
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4.2.1 Seismic interpretation and workflow
The data was interpreted in the Petrel Software, version 2015, developed by Schlumberger. The

interpretation is backed by well data and figures from already published studies.
Wells

Most of the wells used for seismic interpretation in this study, was transferred from the Petrel
project of former master student Lisa Marie Rgynestad, but a few wells were also imported
from NPD’s database “Diskos”. Well tops were retrieved from the NPD FactPages. However,
several of the welltops that were imported into the project were inconsistent with each other, or

with the literature.

Table 4-1: Overview of wells used as guidelines in seismic interpretation. The second column present wells used
directly in seismic interpretation, and the third column present wells that have been used to correlate the literature
with the seismic.

Guidelines in seismic Used as guidelines when correlating the
Wells interpretation CSS-sequences from the literature with the
seismic data
30/6-5
30/6-11
30/6-19
30/11-1
30/11-2
30/11-4
31/2-6
31/2-7
31/2-11
31/5-3
33/9-16
34/7-1 X
34/7-4
35/8-2
35/8-3
35/9-6 S
35/10-1
35/11-3 S X

X X X X X X X X X X X

X

X X X X X
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Interpretation of the CSS sequences
The interpretation of the 10 CSS sequences was based on Faleide et al. (2002), and wells (Table
4-1).

Legend
CSS-1 (thetop of thesequence ™ €SS2 @ CSS-3 1 CS5-4 to CSS-6 (the top of the W CSs-7 — Top(CSS-8 — TopCSS-9
equals top Rogaland GP) sequence equals top Hordaland GP)

Figure 4-3: The seismic cross-section displays an overview of the interpreted seismic sequences.

The Hordaland Group is the main interval that was studied in this thesis. Disturbed reflectors
are recognized in areas throughout the entire Hordaland Group. Disturbed reflectors or chaotic
reflectors, are here used to describe areas where it is impossible to track the same seismic
reflector through an area. Whereas continuous reflectors are in this thesis defined as undisturbed
reflectors, which are possible to track through an area. The Hordaland Group consists of
claystone interbedded with sandstone beds (Clausen et al., 1999), and has a high occurrence of
sand intrusions. The Hordaland Group is bound by top CSS-1 and top CSS-6 (Figure 4-3).

Top CSS-0 is a continuous reflector covering the entire study area. The interpreted reflector is
characterized by a continuous, medium to strong reflector, and was therefore easy to track. Top
CSS-0 was interpreted throughout the entire area, and the interpretation was mainly carried out
using the seeded 3D-autotracking tool.

CSS-1 represents the sediments of Late Palaeocene to earliest Eocene age (60,5 — 56 Ma)
(Thyberg et al., 2000). Top CSS-1 corresponds to the top of the Rogaland Group, which is
interpretable throughout the entire study area. The top Rogaland Group is represented by a

relatively continuous reflector, not eminently disturbed by remobilization, which made it easy
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to track. The interpreted horizon is recognized by a strong to medium amplitude, and the
reflector is continuous. Top Rogaland was interpreted throughout the entire area, and the
interpretation was carried out by seeded 3D-autotracking, supplemented with manual

interpretation.

CSS-2 belongs to the Hordaland Group, and represent the transition from Eocene to Oligocene
strata (35,4 Ma). The top of the sequence is associated with a hiatus, mainly observed on the
flanks of the basin (Thyberg et al., 2000; Faleide et al., 2002). The reflector that represents top
CSS-2 is relatively continuous, but is locally disturbed. The amplitude strength is medium to
low. The reflector was challenging to track, and was therefore interpreted using the manual
interpretation tool. Top CSS-2 was only interpreted in certain areas.

CSS-3 represent the lower part of the Oligocene succession, and is a progradational sequence,
onlapping onto top CSS-2 along the basin flanks (Faleide et al., 2002). Top CSS-3 is interpreted
to be located at a low amplitude reflector, which is locally notably disturbed. The top of the
sequence marks the base of the overlying heavily polygonally faulted interval. The reflector
representing top CSS-3 is characterized as continuous to discontinuous, and recognized by a
low to medium amplitude. It was challenging to track the reflector, and it was therefore
interpreted using the manual interpretation tool. Top CSS-3 was only interpreted in certain
areas. It is believed that the seismic reflector in some areas are interpreted on the A-CT

boundary.

CSS-4 represents the uppermost sequence of the Oligocene succession (Eidvin and Riis, 1992;
Faleide et al., 2002). The sequence is very thin in the northern North Sea, and is difficult to
separate from the rest of the Miocene succession. The reflector is discontinuous with a medium
to low amplitude strength. The top of the sequence was therefor only interpreted in some areas,

where the horizon could be tracked.

CSS-5/6 were hard to identify as separate sequences in the study area, and was therefore
interpreted as one sequence based on the interpretation from Faleide et al. (2002). The two
sequences together with CSS7, constitute the Miocene succession (Jordt et al., 1995; Michelsen
et al., 1995). Top CSS 6 correlates with the top of the Hordaland Group, which represents the
Mid Miocene Unconformity. The unconformity was formed during a significant hiatus,
allowing erosion and other post-depositional features to re-work the top Hordaland surface.
Distinct channels were recognized in map view of the surface. Mounds are abundant on the top

Hordaland surface, and they were investigated further in this thesis.
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Although the top of the Hordaland Group is represented by a strong to medium and continuous
reflector, the interpretation of the unconformity was challenging in certain areas, especially
areas exposed to sand remobilization. The seeded 3D-autotracker was not always able to follow
the correct reflector properly, due to truncated and onlapping reflectors. Accordingly, the top

Hordaland Group was mainly interpreted manually.

CSS-7 represent the Utsira Formation and the lowermost part of the Nordland Group. It marks
the top of the Miocene sequence, and onlaps onto top Hordaland Group. The reflector varies
from continuous to discontinuous, and is recognized by medium to low amplitude. The surface
was interpreted in most of the study area, and it was possible to interpret parts of the study area
using the 3D-autotracker. The remaining parts of the surface was interpreted using the manual

interpretation tool.

CSS-8 and CSS-9 represent the Upper Nordland Group, and consists of Plio- and Pleistocene
strata. Top CSS-8 and top CSS-9 were interpreted along a continuous to discontinuous reflector,
characterized by a low to medium amplitude strength. The seeded 3D-autotracker, was used to
interpret the two horizons, supplemented with the manual interpretation tool in areas where the
reflector was discontinuous. Top CSS-8 and top CSS-9 was only interpreted in some areas of

the study area.

CSS-10 is the uppermost sequence of the Cenozoic succession, and consist of Pleistocene strata.
Top CSS-10 corresponds to the seabed, and is recognized by a continuous reflector with a strong
amplitude. Due to its continuity, the 3D- autotracking tool was used to interpret the horizon

throughout the study area.

Table 4-2: Overview of the interpreted horizons.

Seismic CSS Seismic Description of Seismic signature
horizon sequence phase reflector

Top Top CSS-10  Peak Strong Top Pleistocene
Pleistocene Ll T
(Seabed) ————
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Intra
Pleistocene
(Intra
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Top Pliocene
(Intra
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Early
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Early Eocene  Top CSS-1 Peak Strong amplitude

(Top Rogaland and continuous

Group) reflector.

Late Paleocene Top CSS-0 Peak Strong to medium

(Intra amplitude, and

Rogaland GP.) relative
continuous.

4.2.2 Surface maps

Surface maps (elevation maps were generated based on the seismic interpretations of top
Rogaland Group and top Hordaland Group. The top Rogaland surface was mainly generated to
make a thickness map of the Hordaland Group. The thickness map did not reveal more
information of significant relevance to the study than what the surface map of top Hordaland

Group showed. Therefore, the thickness map was excluded from chapter 6.

The vertical exaggeration of the surface map of the top Hordaland Group was set to 7,5. Vertical
exaggeration enhances mounded features observed on the surface. The vertical spacing between

the contour lines was set to 100ms.

4.2.3 Seismic attributes
An RMS amplitude surface map was generated through CSS-3. A variance cube was also
generated. None of these two seismic attributes revealed more information than the surface map

(elevation maps) of top Hordaland Group, and consequently they were not used in this thesis.

4.2.4 Uncertainties

e There is a lack of seismic data close to installations (e.g. Oseberg), which lead to some
challenges in terms of seismic interpretation (Figure 4-4).

e Dim zones occur due to the merge of different seismic surveys (Figure 4-4).

e (CSS-5to CSS-7 occur as very thin sequences in the northern North Sea, sometimes also
below seismic resolution.

e Manual interpretation generates a certain grade of uncertainty, as the seismic
interpretation is influenced by the experience, geologic specialization and knowledge of

the interpreter.
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Dim area

Areas without data coverage |

Figure 4-4: RMS amplitude map of the top Hordaland Group surface. It gives an overview of the distribution of
holes in the seismic caused by the installations in addition to the dim zones which occur as result of the merge of
different seismic surveys.

4.3 Well analyses

To get an overview of the sand distribution in the given interval of the study area, a mapping
of the sand content in mounded features combined with disturbed reflectors were conducted.
The motivation was to investigate the amount of sand relative to uplift in the mounds, and how
the sand was distributed. To map the sand distribution, well analyses were conducted. More
wells were imported to the Petrel project from the Petrel project of PhD student Fabian Tillmans

and former master student Theodor Lien.

34 wells were included in the study, equally divided between wells penetrating mounds and
wells penetrating areas characterized by unmounded areas and continuous reflectors. The

identification of sand was based on information from logs retrieved from npd’s webpage.
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The information from the wells was organized in a table (Appendix C). The factors included in
the table are: 1) well-1D, 2) year drilled, 3) presence of sand in the interval of interest, 4)
description of the Hordaland Group, 5) total thickness of sand (meter) in the interval of interest,

6) comments.

Depth conversion in Petrel was carried out to measure the depth from top Hordaland to the base
of the studied interval (top CSS-3). The depth conversion was based on velocity data from the

closest well.

To get an overview of the lithology in mounds compared to the lithology in unmounded areas,
the results from the well analysis were plotted in two different ways: 1) the total sand thickness
in the interval of interest in each well, 2) the distribution of sand in mounded areas compared
to the distribution of sand in unmounded areas. In plot 2) the y-axis shows the total amount of
sand in percent, and the x-axis are divided into seven intervals based on sand thickness: Om,
<2m, 2-18m, 19-34m, 35-50m, 51-66m, >67m. Next, the amount of sand from every well were
assigned to the belonging interval, and the total amount of sand in each interval was calculated.

Finally, the percentage of the total amount of sand in all wells were calculated for each interval.

The amount of uplift versus sand content in the studied interval (top CSS-3 to top CSS-6) were
also investigated. Figure 4-5 shows how the two components were measured. Uncertainties
linked to measuring the uplift of the mounds is associated to what angle the well penetrates the
mound. The well string is vertical, and hence they might not penetrate the well perpendicular

to the mounds surface (Figure 4-5). This could lead to error in the measurements.

In the western part of the study area, the mounds are not as well defined as in east. Because the
chaotic reflectors extend deeper than the base of CSS-4, the lower boundary of the studied
interval is not recognizable. Consequently, only wells penetrating the eastern mounds were

included in the last well analysis.
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Figure 4-5: Seismic cross section that shows how the total sand thickness was measured (yellow arrow), and how
the uplift was measured (black arrow). The wells are vertical, and hence might not be perpendicular to the mounds
surface. This will lead to an error in the measurements.

4.4. Workflow for inverted passive margins

Uploading of 3D- seismic
dataset from the.

Y

Importing wells

Y

Seismic interpretation

Figure 4-6: Displays the workflow chart for inverted passive margins.
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5. Basinal setting of remobilized sands worldwide

Sand injectites are present in many sedimentary basins worldwide but are also absent in a
number of basins. Their presence is often restricted to certain parts of basins or to specific time
intervals. Several basins worldwide were studied to determine if sediment remobilization
occurs at certain basinal settings, and to identify the most likely trigger mechanisms. The aim

of the study is to investigate:
1) If there is a relationship between trigger mechanisms and the tectonic setting of the basin.
2) If occurrences of sand injectites differ among basins with different tectonic settings.

A significant number of locations where large scale sand intrusions are observed, were
included in the study (Figure 5-1). Based on the examinations of these locations, two main
basin settings were identified: 1) basins close to plate boundaries characterized by convergent

or strike-slip tectonics, 2) inverted passive margins.

This chapter starts with descriptions of individual large scale sand intrusion provinces. The

characteristics of the different locations are summarized in Table 5-1.
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Figure 5-1: The green dots mark locations of sand intrusion included in this study. The red dots mark locations of
injectites that is excluded from this study. Modified from Braccini et al. (2006).
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5.1 Basins at convergent and strike-slip margins

Panoche hills and Tumey hills, California

The Panoche hills intrusion province shows the best exposed parent-intrusion network in the
world, extending over a stratigraphic distance of more than 1200m (Cartwright, 2010). Together
with Tumey hills, Panoche hills represent a large coldseep system, which lasted for almost 2
m.y. (Minisini and Schwartz, 2007). The intrusion province is located on the western margin of
the San Joaquin basin, previously a part of the Great Valley forearc system in California
(Schwartz et al., 2003; Minisini and Schwartz, 2007; Cartwright, 2010).

The host units consist of the Late Cretaceous to Paleocene-aged Panoche and Moreno
Formations (Cartwright, 2010; Vétel and Cartwright, 2010). The Panoche Formation is a deep
marine fan deposit, which is in direct contact with the Jurassic — Cretaceous Franciscan
subduction complex (Figure 5-2) in the west (Schwartz et al., 2003). Palladino et al. (2016) for
the first time recognized sand intrusions along thrust faults within the Panoche Giant Intrusion

complex.

According to Schwartz et al. (2003); Cartwright (2010); Vétel and Cartwright (2010), the
remobilization happened in two phases: one during the Danian (Lower Paleocene) and one in
Eocene. Sills developed in the lower part of the injection province, and mainly dikes in the more

shallow parts of the network (Vigorito et al., 2008).
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Figure 5-2: Basin setting in Panoche and Tumey Hills during injection. Figure A) shows an overview of the
Franciscan subduction complex. Figure B1) and B2) shows a zoom-in view of the setting where sand is
remobilized. Modified from McGuire (1988); Schwartz et al. (2003); Mitchell et al. (2010).

Dana Point, South West California
The sediment remobilization at Dana Point in California, is recognized as extrudites, extruded
in a deep-water setting. The injection occurred when the area was dominated by transform

tectonics, linked to the San Andreas fault (Bouroullec et al., 2010).

Bouroullec et al. (2010) suggest that the sediment remobilization process was initiated
subsequently above a structural high located below the sand injectites, controlling the fluid
migration from the deeper strata and increased the pore pressure in the sandy Monterey

formation (Figure 5-3).

The sand injectites occur in the muddy Monterey Formation and the extrudites occur at the base
of the sandy Capistrano Formation (Bouroullec et al., 2010). The remobilized sand is most
likely sourced from the sandy lowermost part of the Monterey Formation (Bouroullec et al.,
2010).

Based on the observation that the muddy Monterey Formation is dated to upper Miocene, and

the Capistrano Formation is dated to Pliocene, one can assume that the sediment remobilization
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occurred during upper Miocene. According to Bouroullec et al. (2010), the remobilization

happened as multiphase injection.
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Figure 5-3: Structural setting of Dana Point at the time of injection (slightly modified from Bouroullec et al.
(2010)). Figure 5-4 illustrates the regional tectonic setting of the area at the time of sand injection.

Santa Cruz, California

The Yellow Bank Creek Complex is located northwest of Santa Cruz in the Santa Cruz Basin,
which is a sub-basin of the La Honda Basin, affected by the San Andreas fault system. During
Late Cenozoic, the Fransiscan subduction complex rapidly changed from convergent regime to
transform regime, controlled by the San Andreas fault zone (Atwater and Molnar; Dickinson
and Seely, 1979). Sherry et al. (2012) suggest that the sediment remobilization was triggered
by increased pore fluid pressure, together with seismic shaking, related to the San Andreas fault

Zone.

The sediment remobilization happened during Upper Miocene, and resulted in dikes and sills,
including single bodies, clustered intrusions and some eruptions onto the Miocene seafloor
(Boehm and Moore, 2002; Thompson et al., 2007). The intrusions originate from the Upper
Miocene Santa Margarita sandstone, and intrude upwards into the Upper Miocene Santa Cruz
Mudstone (Thompson et al., 2007).

46



Chapter 5 Basinal setting of remobilized sands worldwide

SanAndreas  uplifted subduction  remnant forearc basin eroded arc massif
Fault complex

L,

25km|

100km foothill suture belt

Legend

CIMesozoic Great Valley rocks 3 Sierra Nevada granitic rocks B3 Salinian block metamorphic

1Mesozoic Franciscan assemblage — sjerra Nevada and granitic rocks
(sedimentary and ophiolitic rocks)  metamorphic rocks

Figure 5-4: Tectonic setting of Santa Cruz during Miocene (slightly modified from Bloet et al. (2017)).
Quebec, Canada

In Quebec, sand injectites are documented in the lower parts of the Early Ordovician Tourelle
Formation, also known as Cap Ste-Ann section (Hiscott, 1979). The geometry of the
remobilized sand is dominated by sills, but dikes are also well developed. The sand intrusions
are interpreted to be sourced from a slightly inclined sandy channel-fill sequence. During Early
Ordovician (deposition of the Tourelle Formation), the formation of the Taconian orogeny was

initiated, and hence the area was affected by a compressional regime (Figure 5-5).

Hiscott (1979) suggests two alternative trigger mechanisms for subsurface sediment
remobilization. One alternative is that the sediment remobilization was triggered by lateral
pressure transfer, in addition to slumping that caused loading and liquefaction of deeper strata.
The parent sand is located southwest of the study area, but it is unclear what type of deposit the
liquefied sand originates from. The other suggestion is linked to development of the Taconian
Orogeny. Hiscott (1979) suggests that the sand injection might have been triggered by
earthquakes, and that the earthquakes potentially was the trigger mechanism that caused the

slumping.

The timing of the sand injection was not given by Hiscott (1979), but since the intrusions are
hosted by the Early Ordovician Tourelle Formation, it can be assumed that the injection

happened in Mid to Late Ordovician.
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Figure 5-5: Tectonic setting of Quebec from Mid Ordovician to Silurian (the Taconian Orogeny). 1) Erosional
unconformity and normal faulting. 2) Stacking of nappe, 3) taconian metamorphism, 4) debris derived from the
ophiolite, 5) syn-obduction sedimentation, 6) magmatism, 7) debris derived from the arc (slightly modified from
Tremblay and Pinet (2016)).

Southern Chile

Sand injectites in the Magellanes basin of southern Chile were described by Winslow (1983)
and Hubbard et al. (2007). Hubbard et al. (2007) described injections hosted by the Cerro Toro
Formation of Cretaceous age. Unlike most of the other locations included in this literature study,
the remobilized material is very poorly sorted and contain grain sizes from mud to cobbles. The

sand intrusions were interpreted to be sourced from the margins of submarine channel deposits.

Winslow (1983) also describe intrusions hosted by Late Cretaceous volcaniclastic strata
(Mastrichtian), and argue that the trigger is linked to compression linked to thrusting in the
accretionary prism. The highest occurrence of dikes appears at the toe of the larges thrust faults,
intruding into the hanging wall (Figure 5-6).

Both Winslow (1983) and Hubbard et al. (2007) propose that the distribution of injectites is
structurally controlled, based the on mapping of the orientation of the injectites in their study

area.
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Figure 5-6: Schematic sketch of the relationship between the source and host rock of the sand intrusion. Note how
the sand migrate into the joints (Figure 3 in Winslow (1983)).
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Cauca Valley, Western Colombia

The Cauca Valley is located in the Colombian Andes. During Plio-Pleistocene, the area was
dominated by a compressive tectonic regime. The regime reflected a complex plate tectonic
configuration, between the Nazca, Caribbean and South American plate, and the Panama- Costa

Rica microplate (Pennington, 1981; Taboada et al., 2000).

Sand injectites are documented within the Plio-Pleistocene Zarzal formation, deposited in a
lacustrine environment (Neuwerth et al., 2006). The remobilization occurred mainly by
liquefaction of sand, and are observed as structureless intrusions injected into the surrounding
rock. Fluidization also occurred as intrusions along fractures and bedding planes (Neuwerth et
al., 2006). There is no evidence indicating that the sediment remobilization is triggered by
sediment gravity flows. Consequently, seismicity was proposed as the most likely trigger

mechanism by Neuwerth et al. (2006).

Israel

Clastic dikes are described on the western margin of the Dead Sea Basin, and are hosted by the
Late Pleistocene lacustrine Lisan Formation (Porat et al., 2007; Marco et al., 2014). During
Pleistocene, the area was located in a fold and thrust system, and hence controlled by a
convergent regime (Figure 5-7; Porat et al., 2007; Alsop and Marco, 2011). Consequently, the
sand injection probably occurred after the deposition of the Lisan Formation (Late Pleistocene)
and before the formation of the current landscape (Porat et al., 2007). Porat et al. (2007)
suggested that the sand remobilization was triggered by seismic shaking linked to the

earthquakes occurring along the Dead Sea fault zone, causing fluid pressure build-up.

Sand intrusion

a
2z

Figure 5-7: The model shows the relationship between the thrust folds and the injected dike (slightly modified
from Alsop and Marco (2011)).

49



Chapter 5 Basinal setting of remobilized sands worldwide

Eastern Mediterranean

In the eastern Mediterranean, on the continental margin outside the coast of Israel, clastic large-
scale injectites are observed along the Afig Submarine canyon in the Levant basin, hosted by
Pliocene strata, i.e. the Yafo Formation/Yafo Sand Member (Frey-Martinez et al., 2007).
According to Frey-Martinez et al. (2007) the remobilization happened during Zanclean
(Pliocene) and Gelasian (Pleistocene), as an alternating process varying between injection

episodes and deposition of deep-water sedimentation (Figure 5-8).

The continental margin outside the coast of lIsrael, is characterized by active tectonics,
composed by a complex plate configuration (Frey-Martinez et al., 2007). The Pliocene epoch
was dominated by deep-water sedimentation, in addition to clinoforms that were building out,
sourced from the Yafo Formation (carbonate member). The area of progradation was exposed
to large-scale slumping and gravitational tectonics (Almagor, 1980, 1984; Garfunkel, 1984;
Garfunkel and Almagor, 1985; Almagor, 1986; Garfunkel and Almagor, 1987; Frey Martinez
et al., 2005).

The area is characterized by mounding, caused by the remobilization, and each mound is
flanked by kilometre scale depressions (Frey-Martinez et al., 2007). Frey-Martinez et al. (2007)
propose that the trigger mechanism is related to earthquakes linked to active margin-

compression.
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Figure 5-8: The figure is developed by Frey-Martinez et al. (2007), and show a model that explains the main
events in the formation of the mounded features. YSF marks the Yafo Sand Member (Figure 16 in Frey-Martinez

et al. (2007)).

The Apennines, ltaly

Sand injectites are documented within the Tortonian (Miocene) Marnoso-arenacca Formation,

which consists of turbidites. The injection process occurred during Miocene, when the area was

characterized by compressional regime (Huuse et al., 2010). The sand intrusions appear

relatively shallow, suggesting a relationship between sediment sliding and sediment

remobilization along faults (Gamberi, 2010). Gamberi (2010) believe that the trigger
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mechanism is associated to loading, in addition to vertical and lateral fluid migration causing

overpressure in shallow sand bodies, resulting in sediment remobilization.
Japan

Injectites are described by e.g. Ito et al. (2016) in a Pliocene trench-slope basin on the southern
Boso Peninsula, at the basin floor of the trench, related to the tectonically active basin (Ito et
al., 2016). The sand injections are hosted by the uppermost part of the Shiramazu Formation
(Ito et al., 2016).

Boehm and Moore (2002); Duranti (2007); Jonk et al. (2007a); Thompson et al. (2007); Hurst
etal. (2011); Sherry et al. (2012), Ito et al. (2016) propose that the sediment remobilization was
initiated by seismicity and rapid loading (slides, slumping and storm waves). The seismicity

was considered as the main trigger mechanism (Ito et al., 2016).

Southeast Schmidt Peninsula, Sakhalin, Russia

Sand injectites are documented on the southeastern coast of Schmidt Peninsula, Sakhalin,
Russia (Macdonald and Flecker, 2007). During Miocene, the area was characterized by a
retroarc geological setting, dominated by a dextral strike-slip system. The intrusions are present
as sills, dikes and sheets, hosted by the Mid Miocene Pil’sk Suite, in addition to a small amount
of dikes occurring in the underlying Tymsk Suit. The largest occurrence of sand injectites is
located in the high-strain zones (Macdonald and Flecker, 2007)

Macdonald and Flecker (2007) proposed an unexposed Paleogene suit or an offshore, deeper
water sandstone unit within Miocene to be the parent beds. The age of the remobilization
episode is also unclear. They conclude that the injection must have happened post Pil’sk and

pre- or syn-deformational of the overlying Mayamraf Suit, in other words during Late Miocene.

Based on geological setting and timing, Sakhalin is compared to Santa Cruz in California
(Figure 5-4). What separates the two is the scale and the geometry (Macdonald and Flecker,
2007).

Midland Valley, Scotland

The sand injection complex in Midland Valley, Scotland, is described as one single dike,
creating a network combined with smaller dikes and sills branching out from the main intrusion.
The injectite complex is hosted by the Dinantian-age (Early Carboniferous) oil-shale group of
Scotland (Greensmith, 1957; Jonk et al., 2007b). Based on the mineral composition, sand-rich

units above and below the dike represent good parent unit candidates (Jonk et al., 2007D).
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Injectites occur at the western limb of an anticline that is plunging towards the northeast. The
dikes are trending E-W, and cut through the tilted strata (Figure 5-9).

There are two theories describing how the remobilization process happened:

e Carruthers et al. (1912) proposed that the intrusions resulted from downward infilling
of joints, which developed whilst the Dinantian-aged oil-shale group was deposited.
e Greensmith (1957) proposed that the sediment remobilization happened during Early

Cretaceous, by upwards injection, triggered by seismic activity.

Jonk et al. (2007b) concluded that based on their study, it is impossible to achieve an
unequivocal answer, but either way the injection happened during Early Cretaceous (Jonk et
al., 2005b; Jonk et al., 2007b). At that time, the Midland Valley was characterized by numerous

tectonically and volcanically active basins (Jonk et al., 2007b).

30/ dip direction and dip  [___] sandstone
o dicat [ shale
apex indicating _
> direction of photographs E oil-shale
limestone

[===] sandstone dike

Figure 5-9: The figure displays the location of the injectites (mapview), in relationship to the dip of the host strata.
HWMT marks the high water mean tide, and LWMT marks the low water mean tide (Figure 3a in Jonk et al.
(2007b)).

West Texas

The sand injectites in the Marathon basin, West Texas are relatively small-scale and show a
variety of geometries, dominated by clastic dikes and sills (Diggs, 2007). The host of the sand
injectites is a submarine-fan complex, called the Carboniferous Tesnus Formation, which were
deposited in a tectonically active, migrating foredeep (Figure 5-10; Diggs, 2007). The Tesnus
Formation accumulated due to the collision between Gondwana and Laurentia, and the

compressional regime probably triggered the sediment remobilization (Diggs, 2007). The
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remobilization happened during the Carboniferous (Diggs, 2007). The injectites show no
system linked to the paleoslope, primary bedding and later structural trends, which indicates
that the injection occurred at shallow depths, likely in relation to the accretionary prism (Diggs,
2007).

Figure 5-10: The figure displays the tectonic setting of the Marathon basin at the time of injection. The red circle
marks the area where the sediment remobilization occurs (slightly modified from a picture from an exhibition at

Big Bend visitor center).

Tabarka, Tunisia

The injections the Tabarka, Northern Tunisia, is documented within the Oligo-Miocene
Numidian Flysch Formation, and have a regional extent within the Maghrebian Flysch Basin
(Thomas, 2011). The Maghrebian Flysch Basin was a foreland basin, in the western part of the
Mediterranean Basin, which represented remains of the neo-Tethys ocean during Late

Oligocene time (Thomas, 2011).

The intrusions are connected to the steep upper slope channel complexes, and are injected
laterally into inter-channel slope deposits (Thomas, 2011). The injection process most likely
happened during deposition or early burial of the Numidian Flysch Formation, hence during

Oligocene to Miocene time (Thomas, 2011).

Thomas (2011) suggest that the injection was triggered by rapid deposition, and he use the
injectites in Vocontian Basin (France) as an analogue. Figure 5-11 shows the basin setting
during Late Oligocene. The observed sand injectites is located on the opposite side of the basin,
relative to the subduction zone, which is different from other locations linked to convergent
tectonics, e.g. Panoche Hills (where the sediment remobilization happened as a result of the

compression caused by the colliding plates).
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Figure 5-11: Tectonic setting of the Maghrebian Flysch Basin, during Late Oligocene (slightly modified from
Abbassene et al. (2016)).

Utah, The United States

On the Colorado Plateau in the United states, sand injection pipes (not the same as dikes) occur
in Jurassic aeolian deposits in the Navajo Sandstone, Entrada Formation, Carmel Formation

and Page Sandstone, which extends from Moab to Lake Powell (Chan et al., 2007).

Aeolian examples differ from deepwater settings, with respect to environmental controls and
lithologies, but the basic concepts are the same (Chan et al., 2007). At the Colorado Plateau,
water-saturated sabkha in addition to a relatively high water table, comprise the main factors

that made the remobilization possible (Chan et al., 2007).

Chan et al. (2007) concluded that the trigger mechanism is problematic to understand, but they
argued that it is not linked to dune progradation. Instead it is more likely that several trigger
mechanisms were active during the deposition of the aeolian sandstones. Earthquakes and
volcanism related to subduction during the Jurassic were considered as probable trigger

mechanisms because of the proximity to the subduction zone (Chan et al., 2007).

Wyoming, The United States

Sand injectites are found in the Cretaceous Mowry Formation, within the eastern Bighorn Basin
in Wyoming (Beyer, 2015). The parent sand is proved to be the overlying Cretaceous Frontier
Formation, more precisely the Peay Sandstone Group, sourced from the Cordilleran thrust belt
as it was migrating towards east (Beyer, 2015). The sand injectites occur as sills and dikes at

the nose and western flank of the fold.
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Beyer (2015) suggested that the sediment remobilization was triggered by the Laramide
compression, prior to or in the beginning of the formation of the Sheep Mountain Anticline,
which is located within the Cordillera foreland. Already existing cracks might have acted as
migration paths (Beyer, 2015). The downward injection probably occurred as a result of a
highly stratified horizontal stress within the Frontier Formation, as a consequence of the

depositional pattern, burial and lithification history of the area (Beyer, 2015)

5.2 Basins at inverted passive margins (flank and toe of slope)
South Africa

Truswell (1972), Cobain et al. (2015) and Cobain et al. (2017) describes sand injectites in basin-
floor lobes in the Karoo basin in South Africa. The injectites are observed as sills and dikes
within the Permian Ecca Group. Injectites in the Karoo basin were sourced from the base of
lobes at the basin floor, and from slope channels (Figure 5-12; Cobain et al., 2017). Cobain et
al. (2017) suggested that lateral pressure transfer was the main trigger mechanism. None of the
mentioned authors describe the timing of the remobilization, but since the host rock is of

Permian age, the injection must have happened later.

Clastic injectites and basin floor lobe complexes

Clastic injectites Fine
: External levee / \ Clean ——————» Dirty
I in beds Coarse S

Steep confinement
injectites from base of lobe

Distal: lateral Distal: frontal
no injectites no injectites
(van der Werff & Johnson, 2003; (van der Werff & Johnson, 2003;
Prélat et al., 2009) Prélat et al., 2009)

Channel margin wing-like injectites
(e.g. Hurst et al., 2011; Jackson et al., 2011)

Figure 5-12: The sketch shows how the sand injectites are distributed related to the slope and basin floor fan
(Figure 8.1 in Cobain et al. (2017)).

56



Chapter 5 Basinal setting of remobilized sands worldwide

Australia

Injectites are described in the Dampier sub-basin on the northwestern shelf of Australia. The
injectites were sourced from the Angel Formation, a sand rich deep-water fan system
(Dharmayanti et al., 2006). Injectites in the Dampier sub-basin are only briefly described in the

literature.

Angola

The injectites in the Lower Congo Basin are documented in Upper Miocene sediments, and
they were sourced from the Upper Miocene fan deposits (Monnier et al., 2014). They are
characterized as large-scale injectites, and their geometries are described as conical and saucer-
shaped, similar to the observations in the North Sea. The injectites were directed upwards and

commenced at the updip fringe of a submarine lobe (Monnier et al., 2014).

The timing of the remobilization is dated to the Miocene — Pliocene transition, but it only lasted
for a short amount of time (Monnier et al., 2014). Because of its short duration, Monnier et al.
(2014) propose that the sediment remobilization most likely was caused by a single event, and
possibly due to salt diapiric movements. The salt migration caused flank uplift, and presumably
fault displacement. Another likely trigger mechanism, contributing in the process of
overpressure build-up, is lateral pressure transfer (water flow), enhanced by the inclined
margins of the lobe. Monnier et al. (2014) suggest that lateral transfer probably occurred as a
result of hydrocarbon migration. In the study area, filling of the Miocene reservoirs took place
in Late Miocene and Early Pleistocene, which correlates well with the timing of the sediment

remobilization (Figure 5-13; Monnier et al., 2014).
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Figure 5-13: The figure describes how Monnier et al. (2014) suggest that sand intrusions were triggered. A)
Describes a sand rich submarine channel complex. B) Hydrocarbon migration along the sandy fringes of the
channel lobes. The migration of salt caused uplift of the flanks, and overpressure in the sandy aquifer developed
as a result of buoyancy affecting the hydrocarbon column in addition to lateral pressure transfer. C) Sand intrusions
were formed due to an opening of a fracture caused by movement in the salt. D) Fluids may have moved through
the sand intrusions and to the seabed, observed as pockmarks (Figure 12 in Monnier et al. (2014).

China

The Bohai Bay basin was developed by extensional and transtensional tectonics (Allen et al.,
1997; Allen et al., 1998; Qi and Yang, 2010). Occurrences of sand intrusions are described at
the toe of slope in a lacustrine Cenozoic sub-basin, called the Jiyang Depression, which is
located in the eastern part of the Bohai Bay Basin. The Jiyang Depression is enclosed by three

uplifted highs: one in the southeast, one in west, and one in the northwest (Zhang et al., 2016).

The accumulated sediments in the Jiyang Depression consist of Paleogene, Neogene and
Quaternary strata. The Paleogene strata are further divided into three Formations (Jiang et al.,
2011). The sand injectites occur in the lower part of the Eocene Shahejie Formation, which is
the oldest interval of Paleogene (Allen et al., 1998; Zhang et al., 2016). The Shahjie is
characterized by an extraordinary high sedimentation rate, and consequently, several fan-deltas
and braid-deltas developed along the border for the lake (Zhang et al., 2016). Zhang et al. (2016)
suggested that the high sediment influx generated slides and slumps which might have triggered

sediment remobilization (Figure 5-14).
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Figure 5-14: Basinal setting of the Bohai Bay Basin during sand remobilization (Slightly modified from Zhang et
al. (2016).

The North Sea (UK)

During Early Cenozoic, the Faeroe-Shetland basin was exposed to a major uplift-event. This
event provided significant clastic sediment input to the basin during the Palaeocene (Hall and
Bishop, 2002). Large submarine fans also developed during early Mid Eocene (Mitchell et al.,
1993). After this period, mainly muddy sediments were deposited on top of the clastic sediments
during Eocene and Oligocene (Shoulders et al., 2007). The sediment remobilization
commenced in Mid Miocene and lasted until Late Miocene. The injection episode coincides
with an uplift episode of the basin flanks (Davies et al., 2004).

Sand injectites in the Faeroe-Shetland show a conical large-scale geometry (Cartwright et al.,
2008), and appear in host rocks dated from Eocene to Miocene (Shoulders et al., 2007). They
occur at the toe of slope, the flank and the slope in the basin (Shoulders et al., 2007). Shoulders
and Cartwright (2004) have found strong evidence indicating the sand injectites are sourced
from sand-rich Mid Eocene submarine fans. However, it is likely that such a large intrusion
province originated from several parent units, and Shoulders et al. (2007) therefore suggested

that Palaeocene sands also contributed as parent units.

Southeastern France

During Cretaceous, the Vocontian Basin was located at a palaeo-inverted passive margin
(Figure 5-15; Ziegler, 1990). Sand injectites in the Vocontian Basin mainly occur in the channel
banks, laterally sourced from sandy channels (Parize and Fries, 2003), and represent an
architectural element of a complex turbiditic system (Parize and Fries, 2003; Parize et al., 2007).
In other words, the sand injectites occur at the slope and toe of slope. The sand injections are
hosted by Aptian to Albian (Cretaceous) marly formations, and the remobilization happened

the same epoch (Parize et al., 2007). Both dikes and sills are present, but the dikes originate
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from the sills. Based on field observations Parize and Friés (2003) suggested that the sand

intrusions propagated both upwards and downwards.
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Figure 5-15: Model developed by Parize et al. (2007), describing the basinal setting, sand supply to the basin, and
where in the basin the clastic injectites occur (Figure 4 in Parize et al. (2007)).

India

In the Bay of Bengal, sand injectites are documented in the Krishna-Godavari Basin. The
modern day configuration is a good analogue to what it looked like in the Pliocene when the
remobilization occurred (Shanmugam et al., 2009). Sand injectites are observed on the slope
and at the toe of slope (Shanmugam et al., 2009). According to Shanmugam et al. (2009),
seismicity is a likely trigger mechanism, both when it comes to mass transport and sand
injections. Mass transport deposits characterize the basin margin, and Shanmugam et al. (2009)

have also proposed that the mass transport processes triggered sand remobilization.

County Clare, Ireland

The western Irish Namurian basin contains both sand injectites and sand volcanoes (extrudites),
located at the slope and the toe of slope (Gill and Kuenen, 1957; Jonk et al., 2007a). Gill and
Kuenen (1957) observed a clear link between sand volcanoes and slumping; all the largest sand
volcanoes (above 10 feet in diameter) were apparently connected to fractures originating from
shear-plane systems associated to deep-channel slumps. They did not observe clear evidences
of compression and accumulation of sediments at the toe of slope, and consequently they

discussed if the sand remobilization was caused by slumping and sliding, triggered by an

60



Chapter 5 Basinal setting of remobilized sands worldwide

earthquake, or if the sand injection and extrusion was triggered by the earthquake itself. An
alternative explanation of the lack of piling-up features at the toe of slope could be that the
sediment piles have been removed by sweeping and erosion (Gill and Kuenen, 1957).

Jonk et al. (2007a) do not write anything about the timing of the remobilization. The slumping
and the sand remobilization are assumed to have occurred simultaneously, and since Gill and
Kuenen (1957) mentioned that the slumps are of Carboniferous age, the sand remobilization

are assumed have occurred during Carboniferous.

Rosroe Peninsula, Western Ireland

Archer (1984) describes sand injectites, observed as sheets, in the Early Ordovician Rosroe
Formation, which was deposited as a deep-marine fan. Sand intrusions were, according to
Lonergan et al. (2000), formed at very shallow depths, and were most likely triggered by

depositional events, e.g. mass transport processes.

The sand intrusions occurring at Rosroe Peninsula, Ireland, are apparently only briefly

described in the literature.

Outer Moray Firth, The North Sea (UK)

The Outer Moray Firth belongs to the North Sea, UK sector, and hence it is positioned at an
inverted passive margin (Cartwright, 2010). In this area sediment remobilization occurred
during Eocene (Duranti and Hurst, 2004). Sand injectites represent good reservoirs also in this
part of the North Sea, e.g. Chestnut and Alba reservoirs (Huuse et al., 2005)

Conical and winglike sand intrusions are frequently observed at Outer Moray Firth, like the rest
for the North Sea Basin, and most of the Upper Paleocene and Eocene sandstones are connected
to remobilization (Huuse et al., 2005). The area is characterized by polygonal faulting, and it is
a possibility that the sand has intruded along the polygonal faults (Lonergan et al., 2000). Like
in the rest of the North Sea, possible trigger mechanisms have been suggested to be related to
sliding and slumping, but Huuse et al. (2005) also suggested earthquakes as a possible trigger

mechanism.

5.3. Occurrence of remobilized sand linked to basinal setting: summary

Table 5-1 shows a summary and overview of the locations where sand injection occurs,

described in section 5.1 and 5.2.
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Table 5-1: Overview of the distribution of sand injection provinces worldwide, and which basin setting they belong to. A complete version of the

table is attached in Appendix B.

Location Basin Specific Inclined  Time of Basin setting at Location of References
area parent remobilization time of remobilized
body remobilization sands
South Africa Karoo basin Inverted passive Toe of slope (Cobain et al., 2015;
margin (Proximal in the Cobain et al., 2017)
basin floor lobes,
linked to
pinchouts)
Angola Lower Yes Miocene - Inverted passive Toe of slope (Monnier et al., 2014;
Congo Basin Pliocene margin (flank uplift ~ (Updip fringe of Oluboyo et al., 2014)
transition generated by salt submarine lobe)
diapirism)
Australia Dampier Inverted passive (Dharmayanti et al., 2006)
Sub-basin margin
California San Joaquin  Panoche and  Yes Lower Palaeocene Convergent Above crest of (Schwartz et al., 2003;
Basin Tumey Hills and Eocene (Compressional) sloping permeable  Minisini and Schwartz,
margin sediments 2007; Vigorito et al.,
2008; Cartwright, 2010;
Vétel and Cartwright,
2010; Palladino et al.,
2016)
Southwestern Dana Point Yes Miocene Transform (Bouroullec et al., 2010)
California (Compressional)
margin
California Santa Cruz Santa Cruz Yes Miocene Transform Basin margin (Boehm and Moore, 2002;
Basin (Compressional) Thompson et al., 2007,
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Cartwright, 2010)

(Parize and Friés, 2003;
Parize et al., 2007)
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Italy Apennines Yes Late Miocene Convergent (Gamberi, 2010; Huuse et
(compressional) al., 2010)
margin
Japan Boso Pliocene or later Convergent At the toe of the (Ito et al., 2016)
Peninsula (compressional) trench-slope basin
margin
The North Sea  The North Palaeocene, Early Inverted passive Flank and toe of (Jenssen et al., 1993;
(Norway) Sea Basin Eocene, margin slope Lonergan et al., 2000;
Oligocene, Faleide et al., 2002; Jonk
Miocene et al., 2005a; Cartwright,
2010; Christensen, 2015;
Rundberg and Eidvin,
2016)
Russia Southeast Yes Miocene Transform margin (Macdonald and Flecker,
Schmidt 2007)
Peninsula,
Sakhalin
The North Sea  North Sea Outer Moray Eocene Inverted passive (Lonergan et al., 2000;
(UK) Basin Firth margin Duranti and Hurst, 2004;
Huuse et al., 2005;
Cartwright, 2010)
Scotland Midland Yes Convergent (Jonk et al., 2005b; Jonk
Valley (compressional) et al., 2007b; Underhill et
margin al., 2008)
West Texas Marathon Yes Carboniferous Convergent In accretionary (Diggs, 2007)
Basin (compressional) prism
margin
Tunisia Maghrebian ~ Tabarka Yes Oligo-Miocene Convergent Lateral injection (Thomas, 2011)
Flysch Basin (compressional) originating in
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Chapter 6 The northern North Sea

6. Observations from the northern North Sea

Chapter 5 demonstrated an overrepresentation of sand remobilization at inverted passive
margins, and the North Sea basin shows the largest intrusion province in the world (Cartwright,
2010). The injectites are present in Cretaceous to Pleistocene strata, but are most frequently
observed in Eocene to Oligocene strata (Figure 6-1; Jolly and Lonergan, 2002; Hurst and
Cartwright, 2007). Furthermore, sand intrusions are absent in the Central Trough area (Figure
6-1; Huuse et al., 2010). The frequent occurrence of sand injectites in the North Sea implies

that there must have been favorable conditions for initiation of sand remobilization.
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Figure 6-1: The map shows the distribution of large-scale sand injectites, in the Paleogene. The injectites are
marked with the dashed red line, and the distribution of Paleocene sand is marked with semitransparent yellow
(Slightly modified from Huuse et al. (2007).

The aim of the investigations presented in the forthcoming chapter is to see if the observations
coincide with the hypothesis developed in chapter 5. The hypothesis suggests that

remobilization of sand occur more frequently in basins located at certain tectonic settings. The
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northern North Sea basin represents an inverted passive margin. Here, the focus will be to search

for evidence proving a link between trigger mechanisms and processes that occur frequently at
inverted passive margins.
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Figure 6-2: The map shows the extent of the study area. Slightly modified from NPD factpages (retrieved from
their web page November 2017). A) Shows an overview picture of where the study area is located. B) shows a
zoom-in of the location of the study area.

The location of the study area is displayed in Figure 6-2, and is divided into seven smaller areas
(Figure 6-3). The subdivision of the study area is based on the variation in seismic

characteristics from north to south (area 1, 2 and 3) and east to west (subarea A, B and C).
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Figure 6-3: Elevation map of top Hordaland Group displaying an overview of the subdivision of the study area.
The vertical exaggeration is set to 7,5 to make the mounds easier to recognize.

Disturbed reflectors together with thickening of the studied interval are frequently observed
within the Hordaland Group. The thickening of the interval is observed in profile view, but also
stands out in map view observed by a color change towards yellow, orange and red (Figure 6-
4). From here and onwards the thickening of layers forming mounded features will be referred
to as mounds.
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Top Hordaland GP.
(Top CSS-4 to CSS-6)

Top CSS-3

Top Rogaland GP.
(Top CSS-1)

Top CSS-0

Figure 6-4: Figure A) shows an elevation map of top Hordaland Group. Figure B) displays a seismic cross section,
cutting through the mounded features. The location and orientation of the seismic profile is displayed by the
semitransparent white line in Figure A). The black arrows pointing from Figure B to Figure A, shows how the
mounded features in profile view correlates to the elevated areas in map view. The two figures are located within
area 1A.

6.1 Seismic observations in area 1A
Area 1A extends from the basin-flank transition to the upper flank (west to east) and from the

northeastern to the central parts of the study area (Figure 6-3).
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6.1.1 Shapes of mounds
In area 1A, mounds are observed frequently along the basin flank transition and at the flank.
The large mounds appear to be arranged together in groups, forming clusters or ridges. Smaller

mounds occur solely at the upper flank.

The northern part of the subarea shows mounds arranged in clusters, with overlying layers
onlapping onto the mounds. This type of arrangement of the mounds is observed west of the
basin-flank transition, close to where the gradient of the slope changes (Figure 6-5). Figure 6-
6 shows a cross-section that cuts through the clustered mounds from WSW to NE. The seismic
profile shows several connected mounds, in addition to two mounds that are disconnected to
the others. Within the largest mound, chaotic and bright reflectors are observed towards the
northeast. The reflectors are brighther and less chaotic in the southwestern part of the largest
mound. Some of the brights observed on the edge of the west-southwestern part of the large
mound, appear as almost vertical and extend from approximately top CSS-3 to top Hordaland
Group (Figure 6-6). The smaller mounds, located west and east of the largest mound show
bright and chaotic reflectors at the base of the studied interval, and continuous and dim

reflectors in the upper part of the mound.

X-axis
490000 500000 510000 520000 530000 540000 550000 gg7000p ~ Y-axis

6860000

Figure 6-5: Elevation map of the northernmost part of area 1A (a part of top Hordaland Group). The dark green
frame marks the extent of area 1A. The clustered mounds are observed within the red circle. The vertical
exaggeration is set to 7,5 to make the mounds easier to recognize, and the contour lines show a spacing of 30ms.
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Figure 6-6: Seismic cross-section of a composite line that is cutting through the clustered mounds. The studied

interval is marked by the highlighted area. The location and orientation of the seismic profile is displayed in Figure
6-5.

3°E

Figure 6-7: Elevation map of the southernmost part of area 1A (parts of top Hordaland Group). The dark green
frame marks the extent of subarea 1A. The mounds arranged as ridges are observed within the red circles. The
vertical exaggeration is set to 7,5 to make the mounds easier to recognize.
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Further south within area 1A, the mounded features create ridges, parallel to the eastern margin
(trending N-S). The ridges were first recognized in map view, as the ridges stand out due to the
contour lines and changes in color, representing changes in elevation (Figure 6-7). Figure 6-8
and 6-9 show cross-sections cutting through the two ridges recognized in Area 1A. The smallest
and shortest ridge show one elongated mound, oriented approximately N-S. Figure 6-8 is a
seismic cross-section that cuts through the ridge-shaped mound, and show bright and chaotic
reflectors only at the base of the studied interval. Some of the bright reflectors form W-shaped

2D-geometries. The upper part of the mound shows dim and more continuous reflectors.

A A
TWT (ms)

Mounded features
forming a ridge

Top Hordaland GP.
- (top CSS-6)

% Top CSS-3

Top Rogaland GP.
(top CSS-1)

Top Hordaland GP.
(top CSS-6)

Top CSS-3

Figure 6-8: Figure A) displays a seismic cross-section that cuts through the smallest ridge, and also show the
adjacent areas to the mound. Figure B) displays a zoom-in picture of the ridge-shaped mound. The studied interval
is marked by the highlighted areas. The location and orientation of the figure is displayed in Figure 6-7.

The largest ridge-shaped mound consists of several connected, smaller mounds that together
form a NNE-SSW trending ridge. The mounds that create the largest rigde-shape (Figure 6-9),
consist of several connected and smaller mounds that together form a NNE-SSW trending ridge.
The mounds consist of chaotic reflectors in most of the studied interval, but dim reflectors with
preserved continuity are observed in the upper part of the mound. A very sharp boundary
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between mounded and unmounded areas is recognized in the southern part of the large mound.
Here the reflectors suddenly change from chaotic and bright to continuous, dimmer and parallel
(Figure 6-9).

Mounded features
forming a ridge

Continuous, dim
reflectors

Top Hordaland GP.
(top CSS-6)
Top CSS-2/3
Chaotic, bright
reflectors
Top Rogaland GP.
(top CSS-1)
Top CSS-0

Figure 6-9: Seismic cross-section of a composite line that cuts through the largest ridge-shaped mounds. The
studied interval is marked by the highlighted area. The location and orientation of the seismic profile is displayed
in Figure 6-7.
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Figure 6-10: Elevation map of parts of the middle area of subarea 1A (parts of top Hordaland Group). Small
mounds at the upper flank are observed within the red circle. The vertical exaggeration is set to 7,5 to make the
mounds easier to recognize, and the contour lines show a spacing of 50ms.

Mounds are also observed on the flank in subarea 1A. The mounds on the upper flank are
smaller and less elevated compared to the mounds closer to the basin, and occur both alone and
in clusters. An example of several mounds occurring adjacent to each other on the upper flank
is viewed in Figure 6-10. Figure 6-11 shows a seismic cross-section cutting through mounds on
the upper flank. The seismic profile displays a lower grade of chaotic and bright reflectors

compared to the mounds closer to the basin floor.
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A A
Mound on upper flank
Top Hordaland GP.
(top CSS-6)
Top CSS-2/3
Top Rogaland GP.
(top CSS-1)

Figure 6-11: Seismic cross-section of a composite line that cuts through one of the mounds on the upper flank,
located in the middle part (N-S direction) of area 1A. The studied interval is highlighted. The location and
orientation of the seismic profile is displayed in Figure 6-10.

6.1.3 Distribution of mounds

Figure 6-12 shows an overview of how the mounds in subarea 1A are distributed. Three
different mound arrangements are present in subarea 1A. The clustered mounds with largest
lateral extent appear to be located in the north of subarea 1A, some downdip the of the basin-
flank transition and some at the slope. The ridges occur in the southern part of the subarea, and
finally the smaller mounds occur along the entire eastern margin. Overall, the clustered group

of mounds extends further into the basin compared to the southern ridges in subarea 1A.
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Figure 6-12: Elevation map of the top Hordaland Group, displaying the distribution of mounds in subarea 1A.
The vertical exaggeration is set to 7,5 to make the mounds easier to recognize.
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6.1.4 Seismic observations outside the mounds

Unmounded areas occur between the mounds. The unmounded areas are visible in map view
(Figure 6-13), but become much clearer in profile view. In the areas outside of the mounds, two
types of seismic characteristics occur (Figure 6-14 and 6-15). First, parallel, continuous and
undisturbed reflectors are observed (Figure 6-14 and 6-15). The continuous reflectors tend to
be dimmer than the chaotic reflectors. Secondly, parallel, continuous reflectors affected by

polygonal faulting occur.

Figure 6-13: Elevation map of parts of top Hordaland, displaying location of Figure 6-14 and 6-15 (semi-
transparent white lines). The vertical exaggeration is set to 7,5.

Figure 6-14 shows a seismic line located in the southern part of area 1A. The seismic line shows
that the unmounded areas occur at the westernmost part of the area and at the eastern flank. The
western part of the seismic cross-section displays relatively dim, continuous and inclined
reflectors, affected by polygonal faults in the lower part of the studied interval. At the flank, the
unmounded area is characterized by continuous, undisturbed, parallel reflectors throughout the

entire studied interval. The lowermost reflectors are onlapping onto top CSS-2/3.
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Top Rogaland GP.
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Figure 6-14: Seismic cross-section of an E-W oriented composite line that displays an unmounded area within
subarea 1A. The studied interval is highlighted. The location and orientation of the seismic profile is displayed in
Figure 6-13.

Figure 6-15 shows a seismic profile located further north than that shown in Figure 6-14. Here,
the unmounded areas are also located in the westernmost part of the seismic line and on the
flank. The unmounded area to the south in subarea 1A is characterized by continuous, inclined,
undisturbed and parallel reflectors on the flank, and hence resembles the unmounded area north
in subarea 1A. The two areas are different in that there is onlap onto the CSS-2/3 in the
southernmost seismic profile, but not in the northern area. The unmounded area in the western
part of the seismic profile is characterized by continuous and parallel reflectors at the top of the
studied interval, whereas chaotic bright reflectors dominate the lowermost part of the interval
(Figure 6-15).
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Figure 6-15: Seismic cross-section of an E-W oriented composite line displaying an unmounded area within subarea 1A. Note that the seismic line extends into subarea 1B in
the western part of the seismic profile. The studied interval is highlighed. The location and orientation of the seismic profile is displayed in Figure 6-13.
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6.2 Seismic observations in area 1B

Subarea 1B covers a large part of the basin center (Figure 6-16). It is characterized by lack of
mounds and mostly continuous reflectors. Figure 6-17 shows a seismic cross-section from the
northern part of area 1B (Figure 6-16). Here the studied interval thickens towards the east. In
the west the seismic reflectors are characterized as continuous, and dim reflectors. The seismic
reflectors in the east differs from those in west, and are characterized as continuous, parallel
and medium strong reflectors. In the east, disturbed and bright reflectors are recognized in the

lower part of the studied interval.

Figure 6-18 is located in the southern part of area 1B (Figure 6-16). Here, the studied interval
is recognized by undisturbed, parallel, medium strong to dim reflectors. The studied interval is
characterized by an overall uniform thickness (from west to east) and relatively flat reflectors
that show evidence of polygonal faulting.
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Figure 6-16: Elevation map of subarea 1B (parts of top Hordaland GP.), displaying the location of Figure 6-17
and 6-18 (semi-transparent white lines). The vertical exaggeration is set to 7,5.
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Figure 6-17: Seismic cross-section of a E-W oriented seismic profile located within the northern part of subarea 1B. The studied interval is highlighted.
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Figure 6-18: E-W oriented seismic cross-section located within the southern part of subarea 1B. The studied interval is highlighted.
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6.3 Seismic observations in area 1C

Subarea 1C is located in the central, northernmost part of the study area. Here, no mounds are
observed. The boundary between area 1B and 1C marks a transition from relatively horizontal
layers, to northward dipping layers. The northwards dipping layers are recognized in map view
by a change in colour from blue to purple. Figure 6-19 provide a detailed overview of the area.
In the northernmost part of Figure 6-20, continuous, parallel and medium strong reflectors are
observed. In the southernmost part of Figure 6-20, continuous, parallel, relatively dim reflectors
are observed. Polygonal faults are observed close to the transition between area 1B and 1C. An

overall thinning of the studied sequence is observed from south to north.
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Figure 6-19: Elevation map of subarea 1C (a part of top Hordaland GP.), displaying the location of Figure 6-20
(semi-transparent white lines).
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Figure 6-20: Cross-section oriented N-S in subarea 1C. The studied interval is highlighted, and a significant thinning of the sequence is observed from the south (A”) to the
north (A).
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6.4 Seismic observations in area 2

Area 2 is located approximately in the middle of the study area (N-S direction), and covers the
total E-W extent of the study area. Unlike the other subareas, area 2 shows mounds also within

the central parts of the basin (Figure 6-21).

6.4.1 Shapes and distribution of mounds

Most parts of area 2 are characterized by large mounds, arranged in a cluster. Figure 6-22 shows
a seismic profile cutting through the clustered mounds. The gaps between mounds are
characterized by chaotic reflectors. Dim and chaotic reflectors are observed within the mounds.
Brighter reflectors are observed in the western part of the section, but since the change in
amplitude is observed from the seabed to the base of the profile. This is reason to believe that
it is not a geological feature. The chaotic reflectors are present below top CSS-3, which is
different from what is observed in the rest of the study area. An alternative explanation is that
the chaotic reflectors observed deeper than top CSS-3 are caused by interference from top CSS-
3. This fits well with the observation showing that the reflection strength within the mounds is

less than what is seen in other areas (Figure 6-22).

3°E

Figure 6-21: Elevation map of area 2 (a part of top Hordaland GP.), displaying the location of Figure 6-22, 6-23
and 6-24 (semi-transparent white lines). The red line surrounds the area characterized by clustered mounds, and
the light blue line surrounds the area characterized by continuous reflectors.
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Chaotic reflectors Continuous reflectors, showing
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(top CSS-6)
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Chao':)l;: reflectors at the Top Rogaland GP.
Bright, chaotic reflectors base of the sequence (top CSS-1)
Top CSS-0

Figure 6-22: Seismic cross-section, oriented E-W cutting through the clustered mounds. The studied interval is highlighted. The dashed line represents an area where it was
impossible to follow the reflector representing top CSS-3. Figure 6-21displays the location of the seismic profile.
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6.4.2 Unmounded areas

The eastern part of area 2 is unmounded (Figure 6-21). Figure 6-23 shows an E-W oriented
seismic section across the eastern flank of the basin. Continuous, parallel, dim reflectors
dominate the unmounded area. Polygonal faulting is also present, most frequently observed in
the western part of the unmounded area, i.e. along the basin flank transition (Figure 6-23). The
thickness of the studied sequence is increasing towards the basin. The studied sequence is
unmounded in the northwestern part of area 2. Unlike the eastern unmounded area, this area is
characterized by chaotic and dim reflectors (Figure 6-24). The chaotic reflectors are observed
from the top of the Hordaland group the top of the Rogaland Group, and consequently top CSS-

3 was not recognized.

B B
Continuous, dim reflectors
Continuous, dim reflectors Polygonal faults Top Hordaland GP.
: — (top CS5-6)
Top CSS-3
Top Rogaland GP.
(top CSS-1)

Figure 6-23: Seismic profile that cuts through the eastern part of area 2. The eastern area is dominated by
continuous reflectors. The studied interval is highlighted.
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Figure 6-24: Seismic profile that cross-cuts the unmounded area in the northeastern part of area 2. The entire
Hordaland Group is characterized by chaotic reflectors, and consequently top CSS-3 is not recognized.

6.5 Seismic observations in area 3A

Subarea 3A area is located in the southeastearn part of the study area. In the western part of the
subarea (closest to the basin floor), the area is characterized by mounds that form ridges. The
ridges are oriented parallel to the eastern margin. An unmounded area is observed in the east
(Figure 6-25).
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Figure 6-25: Elevation map of subarea 3A (cover parts of top Hordaland Group). The Figure displays the location
of Figure 6-26, 6-27, 6-28 and 6-29. The red line surrounds the unmounded area, and the black line surrounds the
area characterized by mounds forming ridges.

6.5.1 Shapes and distribution of mounds

Two N-S trending ridges are observed in subarea 3A, and the southernmost ridge appears to be
a continuation of the northernmost ridge. The mounds are located along the basin flank
transition, which is also the delineation of area 3A. Figure 6-26 shows a seismic profile across
the central parts of the northernmost ridge. Overall, the figure shows very chaotic reflectors.
The northernmost part of the figure displays dim and medium strong chaotic reflectors.
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In the upper part of the studied interval areas of bright, parallel reflectors are observed. The southernmost part of Figure 6-26 shows medium strong,

chaotic reflectors. A dim zone is observed in the uppermost part in the southern part of the studied interval.

TWT (ms)
Bright, parallel reflectors
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Top Hordaland GP.
-1000 (top CSS-6)
i i v ﬂ:'. : "‘ v, T ”.,l.- : ‘ YA \ L} S\e=y : s 2 / \ J
1200 ST ik IS T A e e e : oy ——Top CS5-3
-1400
-1600 Dim and medium strong chaotic reflectors
chaotic reflectors Top Rogaland GP.
(top CSS-1)

-1800
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Figure 6-26: Seismic profile that cuts through the northernmost ridge in area 3A, trending N-S. Chaotic reflectors dominate the interval of interest. The interval of interest is
highlighted. The location of the figure is displayed in Figure 6-25.
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Figure 6-27: Seismic profile that cuts through the southernmost ridge in area 3A, trending N-S — SSE. Chaotic reflectors dominate the lowermost part of the studied interval,
whereas the uppermost part also show parallel, relatively continuous reflectors. The interval of interest is highlighted. The location of the seismic profile is displayed in Figure
6-25.
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6.5.2 Unmounded area
The unmounded area is located on the basin flank in the eastern part of subarea 3A (Figure 6-
25). It is characterized by continuous reflectors and polygonal faulting (Figure 6-28 and 6-29).

Figure 6-28 shows a seismic profile from the northern part of the subarea, extending into area
3B in the west. Here, the studied interval is dominated by continuous reflectors, that show
evidence of polygonal faulting. The mound observed in the middle of the seismic section
represents a part of the ridge observed in mapview. East of the mound, inclined, continuous,
medium strong and polygonally faulted reflectors are observed. Other observations show
relatively flat, continuous, bright and polygonally faulted reflectors west of the mound. The
sequence west of the mound shows a thicker sediment package compared to the sequence east

of the mound.

Figure 6-29 is located in the southern part of area 3A. It shows a seismic profile that extends
from the upper flank (C’), through the mounded area and to the basin (C). The eastern part of
the seismic section shows continuous, parallel, slightly inclined and mainly medium strong
reflectors. At the base of the studied sequence, bright reflectors occur at the point where the
inclination of the slope increases. The base of the studied interval (top CSS-3) show a relatively
smooth reflector in areas where the reflectors above and below show evidence of polygonal
faulting. This indicates that the top CSS-3 has been interpreted along the A-CT boundary, and
not at top CSS-3.
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Figure 6-28: Seismic cross-section from the northern part of subarea 3A, extends into area 3B in the western part of the figure. The studied interval is characterized by
continuous, parallel reflectors, disturbed by chaotic reflectors and a mound in the west of subarea 3A. The studied interval is highlighted. The location of the seismic section is
displayed in Figure 6-25.
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Figure 6-29: Seismic cross-section from the southern part of subarea 3A. The studied interval is characterized by continuous, parallel reflectors, disturbed by chaotic reflectors
and a mound in southwest. On each side of the mound continuous reflectors are observed. The studied interval is highlighted. Figure 6-25 displays the location of the seismic
section.
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6.6 Seismic observations in area 3B
Subarea 3B represents the basin centre in the southern part of the study area (Figure 6-30). In
comparison to subarea 1B, subarea 3B display a narrower basin with absence of mounds. Area

3B can be divided into a southern part and a northern part.

Figure 6-31 shows the northernmost part of area 3B, and extends into area 3A in the east and
into the undescribed area in the west (Figure 6-30). The eastern part of the seismic section is
recognized by bright to medium strong, continuous, relatively flat, polygonally faulted
reflectors. The gap in the seismic is caused by the platform at the Brage field. The western part
of the seismic section is characterized by dim, relatively flat and continuous reflectors. A low-
angled mound is observed in the western part of the seismic section. The mound is characterized
by chaotic bright reflectors. The chaotic reflectors continue below top CSS-3, similar to that

observed in the western part of area 2.

Figure 6-32 shows the extent of the narrow basin, in addition to parts of the adjacent areas.
Continuous, bright, relatively flat and polygonally faulted reflectors characterize the basin
center. The thickness of the interval increases towards east. Close to the mound, the reflectors

are slightly inclined and uplifted.
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Figure 6-30: Elevation map displaying subarea 3B, which represent parts of the top Hordaland Group. The map
shows the locations of Figure 6-31 and 6-32.
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Figure 6-31: Seismic cross-section from the southern part of subarea 3B. The studied interval is characterized by continuous, parallel reflectors, disturbed by chaotic reflectors
and a mound in southwest. On each side of the mound continuous reflectors are observed. The studied interval is highlighted. The location of the seismic profile is displayed in
Figure 6-30.
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Figure 6-32: Seismic cross-section through the southernmost part of area 3B. It extends into adjacent areas in west and east. The area of interest is highlighted, and displays
continuous, polygonally faulted and medium strong to bright reflectors. The location of the seismic profile is displayed in Figure 6-30.

98



Chapter 6 The northern North Sea

6.7 Lithology distribution in mounds and in unmounded areas

The previous chapters described several mounds in the northern North Sea basin. For further
interpretation of the observations, in terms of the formation of the mounds, it is essential to get
an understanding of lithology distribution in mounds versus unmounded areas. Consequently,
several wells from the study area were examined. Figure 6-35 displays the released wells
included in the study. It also provides an overview of which wells that contained sand in the

studied interval. A lithological description of the unreleased wells is provided in Appendix C.

Wells from three types of areas were included in the study: 1) Wells penetrating mounds, 2)
Wells penetrating unmounded areas in the basin centre, and 3) Wells penetrating unmounded
areas on the eastern basin flank. The interval is defined by top Hordaland (top CSS-6) and top
CSS-3.

6.7.1 Lithology distribution in mounds vs. unmounded areas in the basin

Mounds occur along the margins and on the flank of the basin. The sand content in the interval
bound by top CSS-6 (top Hordaland) and top CSS-3 in the Hordaland Group (the same interval
as investigated in the rest of chapter 6), was investigated with information from 34 wells.

Figure 6-33 displays the total amount of sand in each well within the given interval. Wells that
penetrate unmounded areas are shown in dark blue, and wells penetrating mounds are viewed
in light blue. The analyses show that wells penetrating mounds show larger total sand
thicknesses in the studied interval, compared to the wells penetrating unmounded areas in the
more central parts of the basin. A comparison of Figure 6-33 and 6-35 reveals a larger amount

of sand in each well in the west compared to the east.

Figure 6-34 shows a comparison of the total amount of sand in unmounded (light green) and
mounded (yellow) areas. The y-axis represents the total amount of sand, expressed in percent.
The x-axis shows the sand in metres for both unmounded and mounded areas, and is divided
into seven intervals based on sand thickness. The input of the plot is showed in Table 6-1, where
the percent of total amount of sand registered in each interval is also expressed in meters. The
number of wells belonging to the different intervals for unmounded and mounded areas is also

shown.

The investigations demonstrate that sand is present in both mounded and unmounded areas,
within the studied interval. It is also clear that much larger occurrences of sand is observed
within the mounded areas. The analysis shows that all together 1359,5m sand was registered,

and 1152,5m of the sand was observed in mounded areas. Hence, 945,5m more sand is
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registered in mounded areas than in unmounded areas in the studied interval. In terms of the
sand distribution between the mounds, 71,4% of the sand occur in mounds that contain more
than 67m sand in total (Table 6-1). Four of the wells in unmounded areas show only claystone
and none of the wells show a total amount of sand thicker than 67m. In mounded areas none of

the wells show only claystone, and 8 wells show more than 67m sand (Table 6-1).
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Figure 6-33: Displays the occurrence of sand in the investigated wells. The red bars represent the wells penetrating
mounds, and the dark blue bars represent the wells penetrating unmounded areas.
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Table 6-1: Displays the relationship between the total amount of sand in all wells combined (expressed in percent and meters) and how many wells that are included in the
different intervals. The parameters marked in grey are used as input in Figure 6-34.

Percentage of total amount  Number of wells Total sand thickness (meters), which equals
of sand amount percentage of total amount of sand
Interval (total amount of ~ Unmounded Mounds Unmounded Mounds Unmounded areas Mounds
sand in meters) areas areas
0 meter 0 0 4 0 0 0
Traces and stringers of 0,6 0,5 4 3 8 6
sand (<2m)
2-18m 2,3 2,3 5 2 31,2 14,5
19-34m 1,7 2,1 1 2 23,3 46
35-50m 2,6 0 1 0 35 0
51-66m 8 8,5 2 2 109,5 115,5
>67m 0 71,4 0 8 0 1125
Total amount of sand 15,2% 84,8% 207m 1152,5m
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Figure 6-34: Sand thickness in wells that penetrates mounded (yellow) and unmounded (light green) areas. The
x-axis shows wells grouped in intervals based on total sand thickness within the studied interval in the well
(meters). The y-axis shows percent of total sand thickness. The plot shows that most of the sand is located within
mounds.

6.7.2. Distribution of sand in unmounded areas at the flank
Observations from chapter 6.5 show that mounds are absent on the flank in area 3A. Several
wells were examined to decide if the lack of mounds could be connected to absence of sand.

The results are presented in Table 6-2, and show that:

1) 8 out of the 13 investigated wells show no evidence of sand in the studied interval.
2) 3 out of the 13 investigated wells show traces of sand in the studied interval.
3) 2 of the 13 investigated wells show sand in the studied interval (>47m sand).
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Sand was also observed within deeper part of the Hordaland Group, but deeper than the studied

interval (well 35/11-4). An overview of the location of the wells, together with lithology in the
studied interval (top CSS-6 to top CSS-3), are displayed in Figure 6-35.

Table 6-2: Overview of distribution of sand in wells penetrating the unmounded areas on the eastern basin flank

Wells

31/2-7
31/2-8
31/2-
14

31/2-
15

31/3-3
35/11-

35/11-

31/2-1
31/5-5

31/6-1

31/6-
2R
31/6-6
31/6-
8R

Year
drilled

1982
1982
1984

1984

1984
1990
1992

1979
1992

1983

1984

1984
1985

Sand is
present in
interval of
interest

)

X)

X)

Sand is

present in
interval of
interest

X
X

Sand present  Total
within the

Hordaland sand (meter)

Group in the
interval of
interest

No

No

(Yes) Traces of
sand

(Yes) Traces of
sand

No

Yes, 1100m

RKB deep

No

No

(Yes) Traces of
sand

Yes 47,5m

No

No

Yes 100m
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thickness of

Comments

Area 2, Troll

Area 2, Troll

Area 2, Troll, Traces of
sand in the upper part of the
Hordaland Group (studied
interval)

Area 2, Troll, Traces of
sand in the upper part of the
Hordaland Group (studied
interval)

Area 2

Area 2, Fram, top
Hordaland Group is located
734m RKB deep

Area 2, Fram

Area 3A, Troll

Area 3A, Troll, Claystone
with traces of sand

Area 3A, Troll, Top
Hordaland Group is located
531m RKB deep, Sand
occur from 531 to 578,5m
RKB. The manin part of the
Hordaland Group is
characterized by
claystoned.

Area 3A, Troll

Area 3A, Troll

Area 3A, Troll, Top
Hordaland is located 538m
RKB deep, sand 538-638m
RKB.
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Figure 6-35: Elevation map of top Hordaland, displaying an overview of the location of the wells utilized to
explore the lithology distribution in the study area. The colour-fill of the circles describe the lithology in the studied
interval. The subareas are also displayed.

6.7.3 Uplift vs. sand thickness
The relationship between uplift observed in a mound (m) and sand thickness (m) was examined.
How the uplift and sand thickness was measured is demonstrated in chapter 4.3. 9 mounds were
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investigated and resulted in three observations. The first observation shows mounds where there
are observed more uplift than sand, e.g. well 35/11-2 (marked with red in Table 6-3). The
second observation shows two mounds where the total sand thickness in the well in the studied
interval is larger than the uplift of the mound, e.g. 35/9-11A (marked with blue in Table 6-3).
The third observation shows a well where the uplift almost corresponds to the total sand
thickness in well 35/11-16S (marked with black in Table 6-3) This demonstrates that most of
the investigated wells show less sand than uplift, although the sand thickness is measured based
on a larger interval (top CSS-6 to top CSS-3) compared to the uplift (Figure 6-36).

Table 6-3: The table shows the relationship between uplift of the mounds in meters and the thickness of the studied
interval (top CSS-6 to top CSS-3). The area marked with grey is used as input in Figure 6-36.

Well Uplift (m) Thickness of sand in studied interval (m)
31/4-10 98 5
35/4-1 32 9,5
35/9-10A 34 2
35/9-11A 40 155,5
35/11-2 121 2
35/11-13 62 87,5
35/11-16S 78 70,5
35/12-2 32 2
35/12-4S 35 159,5
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Figure 6-36: The plot shows uplift of the mounds (m) vs. sand thickness (m). The input is displayed in Table 6-
3.
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7. Interpretation

Sand intrusions occur worldwide (Figure 5-1 and Table 5-1). However, based on observations
in chapter 5, the sand intrusions do not appear to be randomly distributed. The results show an
overrepresentation of sand intrusion at convergent margins and at inverted passive margins.
The examination of literature data in chapter 5 shows that inclined parent beds are common at
convergent and transform margins where sand intrusions occur. Inclined beds are also present
along thrust faults that contain injected sand, as well as in folded parent beds. The importance
of these inclined beds for triggering of sand injections will be presented in chapter 7.1. Chapter
6 shows that the mounded features mainly occur along the basin-flank transition. In the
northeastern part of the study area (subarea 1A), the mounds are also present at the slope.
Accordingly, chapter 6 shows a certain distribution of mounded features, observed at the top
Hordaland surface. Chapter 7.2 contains interpretations of the distribution of the mounds in the
Hordaland Group (chapter 6), with reference to previously described sand intrusions at inverted

passive margins (chapter 5).

7.1 Suggested trigger mechanisms for sand intrusions at convergent and

transform margins

14 locations where sand intrusions occur at convergent and transform margins were presented
in chapter 5, and 10 of these locations apparently have inclined parent units. The remaining of
the investigated locations consist of one location where the literature describes a relatively flat
parent sand (Frey-Martinez et al. (2007) in the Levant basin), and the other three locations lack
a description of how the parent sand was oriented at the time of injection (Table 5-1). A model
that suggests how subsurface remobilization occurred at convergent and transform margins was

developed. The model is consistent with the observations presented in chapter 5.

Model one (Figure 7-1) was developed with the intention of explaining triggering of sand
intrusions at settings characterized by sloping parent beds along convergent and transform
margins. In such settings step-wise movements are expected to occur along the convergent or
transform margin, and hence rapid sediment compaction occur as pulses. In water saturated
sands, the rapid compaction will lead to rapid overpressure build-up. Overpressure build-up and
fluid transport is not able to stop the compaction in this kind of tectonic setting. Such fluid
transport results in overpressuring of the up-dip parts of the inclined layers. As Figure 7-1
illustrates, the compaction pulses lead to elevated pore fluid pressures in the deep parts of the

inclined layer, and these ovepressures are transferred to shallower depths by the centroid effect
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(assuming that the aquifer is sealed by a low permeable rock). Overpressure is capable of
preventing further mechanical compaction, when the mechanical compaction is a result of
increased overburden thickness. Whereas, in tectonic settings dominated by lateral compaction
due to large-scale tectonic plate movement, the overpressures cannot prevent the compaction.
Assuming that inclined layers are present, and that the same amount of overpressure occur in
deep and shallower sediments. In the shallowest parts of the inclined beds, the overpressures
will most likely exceed the lithostatic stress and cause subsurface sediment remobilization
(Figure 7-1). One example of this observation is observed at Dana Point, in California
(Bouroullec et al., 2010).

The step-wise compression caused by the subduction of the plate, trigger earthquakes. The
earthquakes cause shear movement in the sand, resulting in reorganization of the grains and
rapid compaction. Such local grain rearrangements are presumably what causes changes in the
ground water table after earthquakes (Coble, 1965; Roeloffs, 1998). This observation is
considered as supporting evidence of the proposal of this thesis: that local grain rearrangements

result in rapid pore pressure changes that can trigger sand injections in inclined layers.
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Figure 7-1: Sketch of model one. The model describes a possible explanation of how subsurface remobilization
of sand occurs at active margins, originating from an inclined parent body. The step-wise plate movement linked
to the subduction of the oceanic plate causes rapid pressure build-up. In an inclined parent body, deep parts of the
sand layer are in pressure communication with shallower parts of the sand layer. The two red dashed lines
represents the same overpressure, when it is equalized within the inclined layer. The red arrow emphasizes how
the pore pressure in the shallowest part of the sand layer, exceeds the lithostatic pressure, whereas the pore pressure
in the deepest parts of the sand layer only exceeds the hydrostatic pressure. Since the lateral pressure transfer
happens rapidly, it represents a good candidate to trigger remobilization of sand at convergent margins.

Winslow (1983) suggested a model (model 2) that describes sand remobilization that occurs in
relation to thrust folds, overturned limbs and at the crest of anticlines near the thrusts in a
foreland fold and thrust belt. Model two resembles model one in terms of the tectonic regime
and release of high pore pressure as an important trigger mechanism. What separates the two,
is the observation of sand intrusions occurring in already existing fractures, in addition to sand
injectites intruding into the hanging wall at the toe of the thrust faults, which are both reflected

in model two (Figure 7-2).
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In this thesis, it is suggested that the step-wise movements during the folding cause rapid fluid
migration within the parent sand, located at the base of the fold (Figure 7-2). Due to the
intermittently compression and folding of the strata, it may result in remobilization of sand as
the compression forces fluids to migrate upwards, in addition to the folding causing weakness
zones within the overburden. Winslow (1983) also concluded that the clastic intrusions were
onset by regional shortening of the crust, and emphasize that the subsurface remobilization most
likely was associated to the release of high pore pressures caused by rapid tectonic loading due

to the generation of thrusts.

When model two is evaluated in terms of lateral pressure transfer, the parent body is also here
gently inclined. Hence the principle explained in model one is also applicable here. Due to the
already existing fractures, it is easier for the sand to enter the low permeable seal compared to

in model one.

Shearing occurs along the thrust faults, and can potentially contribute in the process of
triggering sand intrusions. If sand is present within the fault plane, the shearing results in
reorganization of grains into a more compact lattice structure, forcing fluids to escape. Based
on the observations illustrating that the thrust fault cross-cut the parent, it is likely that
reorganization of sand grains has occurred (Figure 7-2). Sand intrusions occurring along the
fault plane of thrust faults are also described in Panoche and Tumey Hills by Palladino et al.
(2016).
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Figure 7-2: Schematic sketch that illustrates the distribution of sand intrusions in relation to the structure of the
fold, in addition to the relationship between the parent sand and the sand intrusions (Figure 3 in Winslow, 1983).

The two models represent two different situations, though controlled by the same tectonic
regime. The latter is here associated to different parts of the convergent margin. Model two is
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associated to the subduction complex, and hence the oceanic plate. Model one is associated to
inclined areas close to the trough, in addition to the continental slope. Figure 7-3 displays an
overview of how the models describe the events in the different parts of the convergent margin.

—- <

Subduction complex

Figure 7-3: Sketch of a convergent margin, where the two different models are assigned to the corresponding
areas.

Convergent and transform margins are tectonically active areas, and hence numerous authors
have suggested earthquakes as the main trigger mechanism causing sand remobilization. What
is suggested here is that the step-wise plate movements might have an indirectly impact on the
remobilization process rather than a direct impact (e.g. earthquake induced shearing). It is
important to stress that there is a possibility that different and several trigger mechanisms could
have triggered sand injection at convergent and transform margins. Especially at locations
where large volumes of sand has been remobilized and the remobilization has occurred in

several phases.

The suggested theory is consistent with what Winslow (1983) suggested (model two), and it is
also supported by the experiment conducted by Hermanrud et al. (2010), where remobilization
of sand was triggered in an inclined tube. Whether the theory explains what happened in each
of the included basins at convergent and transform margins is more uncertain, both in terms of

identification of the parent bed and the inclination of the parent bed.

7.2 Post-depositional subsurface remobilization at inverted passive margins,

based on the case study from the northern North Sea
The northern North Sea is located at an inverted passive margin. Here, the results from the CSS-
4 to CSS-6 of the Cenozoic succession in the northern North Sea, will be utilized to understand

the formation processes of subsurface remobilization at inverted passive margins. The results
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from the northern North Sea is considered applicable to other inverted passive margins
worldwide, as the processes discussed in the forthcoming chapter are linked to the tectonic
setting of the basin and not the specific location of the basin.

7.2.1 Evidence of subsurface remobilization in the northern North Sea

Evidences of subsurface remobilization of sand are frequently observed in the northern North
Sea basin. Mounds are observed at the top Hordaland Group in subarea 1A, 2 and 3A. When
the mounds were investigated in profile view, they revealed chaotic and bright reflectors. Since
chaotic and bright reflectors coincided with the mounds, it strongly suggests that the mounds

developed due to sand remobilization.

Mounds, chaotic and bright reflectors have been described in the literature as evidences of sand
intrusions (e.g. Lonergan et al., 2000; Cartwright et al., 2007; Huuse et al., 2007; Ackers and
Bryn, 2015). To verify the interpretation, an analysis of the amount of sand in the studied
interval versus uplift of the mounds was conducted. It was expected that the amount of sand
versus uplift would display a linear relationship, where increased uplift would reflect increased
amount of sand. The well analysis proved that most of the investigated mounds showed more
uplift than sand content. Hence, the theory was disproved and it was understood that mud is

remobilized together with the sand.

7.2.2 Slope failure and submarine slab slides

Huvenne et al. (2002) described a slope failure observed in the Porcupine basin, located
southwest offshore Ireland. The Porcupine basin shows a geological setting much like what is
seen in the northern North Sea. The results and interpretations presented by Huvenne et al.
(2002) have been used as an analogue in the interpretation of the observations from the northern

North Sea. The following is a direct quote from the Huvenne et al. (2002) paper:

“Slope failures occur generally when the external forces (combination of gravity, seismic
loading, seepage, etc., i.e. the shear stress) acting on the sediment package exceed the internal
shear strength of the sediments (Lee et al., 1999). This shear strength is inversely related to the
pressure in the pore fluids (Hampton et al., 1996). Prevention of necessary dewatering after
deposition allows excess pore pressures to build up and causes a decrease in sediment strength
(Gardner et al., 1999). Hence, while pore water pressures had time to accommodate and reduce
in the upper horizons, a deeper-lying stratum probably retained higher internal pore pressures

and became a weak layer. Once the failure was triggered, this weak layer liquefied and
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collapsed, and became the failure plane of the slide, while the overlying, more consolidated

material broke up along tension cracks” (Huvenne et al., 2002, p. 37).

Huvenne et al. (2002) present two main arguments, leading to the classification of the slide in
the Porcupine Basin as a submarine slab slide: 1) the presence of a headwall scarp, and 2) the
detachment surface being parallel to the bedding. They also identified the slide toe and the slide
plane, which they use as supporting evidence for their arguments. What separates a submarine
slab slide from a regular submarine slide, is that the slide plane is parallel to the bedding, for
the entire or a significant length of the displacement. Hence, a submarine slab slide is also
referred to as a translational slide. The displaced strata is normally recognized as consolidated
to overconsolidated strata (Huvenne et al., 2002)

A headwall scarp has not been identified in the northern North Sea in the course of this thesis.
If a headwall scarp once was present in the northern part of the eastern margin (subarea 1A), it
has potentially been hid by mounds occurring at the slope. In the southeastern part of the study

area (subarea 2 and 3A) a headwall scarp might be present, but it has not yet been identified.

Top CSS-3 represents a clear detachment surface, and the base of the remobilized sand. Only
one detachment surface is interpreted within the studied interval in the northern North Sea
(Figure 7-4). The detachment surface is parallel to the bedding, and the strata within the slide
shows little evidence of deformation except the subsurface sediment remobilization. This
coincides with how Huvenne et al. (2002) described a submarine slab slide. The studied interval
in the northern North Sea (top CSS-3 to top CSS-6) is of Early Oligocene to Mid Miocene age.
Christensen (2015) did research on subsurface remobilization in the Johan Sverdrup area, and
observed two detachment surfaces within the same interval as investigated in this thesis. Her
first detachment surface coincides with top CSS-2 (D1) and the second coincides with top CSS-
5 (D2) (Figure 7-5). Accordingly, it is understood that the location of detachment surfaces

varies within the North Sea, but they tend to coincide with the boundary between two layers.
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Figure 7-4: E-W oriented cross-section that points out the detachment surface in the study area in the northern
North Sea. It also shows subsurface sediment remobilization at the basin-flank transition.
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Figure 7-5: Detachment surfaces from the Johan Sverdrup area (D1 and D2). Near Top Eocene coincides with top
CSS-2 and Intra Skade FM. coincides with top CSS-4. The vertical scale is given in TWT (ms). (Figure 6-25 in
Christensen (2015)).

7.2.3. Distribution of mounds

A clear distribution of mounds is observed on the top Hordaland Group. The highest
concentration of mounds is observed at the basin flank transition, but also at the flank. Mounds
are absent in the central parts of the basin. Assuming that a submarine slab slide triggered the
subsurface sediment remobilization in the northern North Sea, the slide would have been
expected to freeze close to the basin-flank transition. Such a sequence of events would have
explained the lack of sand intrusions in the basin center.
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Lykousis et al. (2002) described a submarine slab slide in the Aegean Trough, in the
Mediterranean. They observe chaotic reflectors and mounding at the basin-flank transition (toe
of slope), similar to what is observed in the northern North Sea (Figure 7-6). As displayed in
chapter 6, mounds that occur close to the basin flank transition (toe of slope) are either arranged
in ridges or in clusters. The ridges are oriented N-S, and hence parallel to the eastern basin
margin (subarea 1A and 3A). A potential headwall scarp would also be expected to be oriented
N-S. The distribution of mounds in the investigated area fits well with the theory of a submarine
slab slide triggering remobilization, and intrusions being observed along the slide toe. One
could speculate that the seismic expressions of the slide toe is obscured by the deformation
caused by sand remobilization. The mounds arranged in N-S trending and continuous ridges
are consistent with a model of liquidization occurring along the entire slide plan (detachment

surface).

The mounds arranged in clusters close to the basin-flank transition are observed in the northern
part of subarea 1A. The largest clusters are located close to a well-defined channel (Figure 6-
13), but there are not seen any evidence indicating that the formation of the mounds is related
to the submarine channels. The channels rather seem to erode into the mounds, and hence it is

inferred that the channels were active after the remobilization ceased.
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Figure 7-6: Submarine slide from in the Aegean Trough, in the Mediterranean area. The seismic profile shows the
slab slide (SLB), the glide plane of the slide (GP), the headwall scarp (SC), slide scarp debris (SLD) and mounded
features at the toe of the slide (SLP) (Slightly modified after Lykousis et al. (2002)).
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Kirkham et al. (2017) and Kirkham et al. (2018) present figures of rim synclines surrounding
mud volcanoes. When the depth of the rim synclines equal the amount of uplift, it is a good
indication of the sediments being sourced from strata below and close to the mound. The
mounds observed in the study of the northern North Sea do not show any rim synclines, and

hence it is unlikely that the mounds are sourced from the layer below.

Single mounds and smaller clusters of mounds occur on the slope in subarea 1A. These mounds
do not show a preferred orientation. The lack of orientation may be a result of the position of
the mounds. Since the single mounds and smaller clusters of mounds occur further east
compared to the ridges, they were formed closer to the headwall scarp. Hence, one can speculate
that these mounds formed soon after the submarine slab slide was initiated.

7.2.4 Lithology distribution in CSS-4 to CSS-6

The lithology distribution in the study area gives important information about where sand
intrusions possibly could occur. Since the central parts of the basin show occurrence of sand,
although less sand than close to the flank, mounds are not absent because of lack of sand. This
observation strengthens the theory of subsurface remobilization being triggered by submarine
slab slides.

In area 2 and 3A, mounds only occur along the basin-flank transition. One alternative is that
the lack of sand intrusions on the slope in area 2 and 3A is a result of lack of sand at the time
of injection. Today, the wells in the area show no sand or only traces of sand, but this was not
necessarily the case at the time of injection. Due to the ridge-shaped and N-S trending mounds,
it is more likely that the liquidization process involved the entire detachment surface. This
explains both the large volumes of remobilized sand, and the orientation of the mounds. It also
fits with the thickness difference observed in Figure 6-28, where the sequence west of the
mound is thicker than the sequence east of the mound. This feature may be caused by sediments
from the detachment being fed to the mound along the basin-flank transition. If this was the
case, it remains to be explained why subsurface remobilization occur at the flank in the northern
part of the study area and are absent on the flank in the southern part of the study area.

Most of the mounds show less sand in the CSS-4 to CSS-6 interval than the amount of uplift of
the top Hordaland surface (top (CSS-6). This observation shows that mud was remobilized
together with the sand, and helps explaining how such large amounts of sand have been
remobilized. Liquidized sand shows higher porosity compared to “regular” sand (Pabis and

Magiera, 2002). Consequently, more fluids are required to remobilize an entire layer of sand
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than what is already accessible in the pores of the sand. Liquefied mud can act as an external
fluid source, and would also explain the non-linear relationship between the uplift and the
amount of sand in the mounds. Liquidization of mud and sand is triggered by shearing. Such
shearing can have been triggered by the shearing along the detachment of a submarine slab

slide.

Some of the mounds (Figure 6-6 and 6-8) clearly show chaotic reflectors in the lowermost part
of the mound, and continuous reflectors in the upper part of the mound. Common for these
mounds are that they are located close to the basin floor (Figure 7-7). One could speculate that
the lack of remobilization of the shallowest part of CSS-4 to CSS-6 occurs due to decreasing
energy in the submarine slab slide. As the slide approaches the basin floor, the progress of the
slide slowes down and the shear stress along the slide plane declines. Accordingly,
remobilization is expected to occur within the entire studied interval in areas where the
submarine slab slide has high energy, and a lack of remobilization of the shallowest parts of the
studied interval in areas where the submarine slab slide was characterized by low energy.
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3°E

Figure 7-7: Elevation map of parts of top Hordaland Group (subarea 1A), which shows the mounds located closest
to the basin floor (marked with a red circle).

7.2.5 Formation of sand intrusions in the northern North Sea basin

Based on the observations described in chapter 6, it seems likely that a submarine slab slide has
triggered the subsurface sediment remobilization in the northern North Sea. The observations
and interpretations were utilized to develop a model that describes the link between the
submarine slab slide and subsurface sediment remobilization at inverted passive margins
(Figure 7-8). The model shows where a potential headwall scarp would have been located, how
the detachment represents the slide plane, which is parallel to the bedding, and how mounds are
created at the basin-flank transition, close to the slide toe.

118



Chapter 7 Discussion

w E
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Figure 7-8: Model developed based on observations presented in chapter 6. It shows the link between the submarine slab slide and subsurface sediment remobilization.
Liquefaction of sand and mud occur due to shearing along the slide plane. The thin yellow drape above the slide plane represents the parent bed of the sand intrusions.
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The lack of observed headwall scarp can have different causes: 1) the headwall scarp is
represented by a very small step along a seismic reflector, e.g. the height of the headwall scarp
described by Huvenne et al. (2002) varies between a few to 25m, 2) it is challenging to identify
the headwall scarp when the surface is mounded, especially if subsurface sediment

remobilization occur below the headwall scarp, and hides it.

Lateral pressure transfer is here proposed as the most likely trigger mechanism at convergent
and transform margins. Subsurface sediment remobilization happens in an inclined
environment also in the northern North Sea. The reason why lateral pressure transfer is
presumably not applicable here, is that the eastern margin of the northern North Sea is
represented by a low-angled slope, i.e. almost horizontal. Active margins on the other hand,
normally show a steeper slope and a narrower shelf compared to passive margins (Doyle, 2017).
Also, the horizontal compression during tectonic events (earthquakes caused by the
compression) presumably results in rapid compaction and pore pressure build-up. Such events
were not present at typical inverted passive margins. This implies that neither the inclination of
the slope, nor the difference in overburden weight would cause a significantly high pore
pressure gradient. Hence, the subsurface sediment remobilization happens across sedimentary

layers, rather than along the porous media (towards east) to the upper slope.

In summary, the following model for subsurface remobilization of the CSS-4 to CSS-6 is

suggested:

1. Basin margin uplift in the Oligocene supplied primary sand input to the basin (the Skade
Formation), and resulted in a slope gradient increase. The uplift caused sliding along
the shear planes between the Grid Formation and the over- or underlying mudstones.
The submarine slab slide triggered subsurface sediment remobilization.

2. A new phase of basin margin uplift in the Mid Miocene supplied more sand to the basin
(the Utsira Formation), and resulted in an increase of the slope gradient. The uplift
created the detachment surface on top of the Skade Formation, which acted as the slide
plane. The submarine slab slide triggered subsurface sediment remobilization.

This suggested two-step model is applicable to the observations of Christensen (2015), where
two detachment surfaces were observed within the Oligocene and Miocene succession. The
study area of Christensen (2015) is located in the Johan Sverdrup area, i.e. south of the study
area examined in this thesis. Only one detachment surface was identified in the study area of

this thesis. Faleide et al. (2002) describe regional differences within the North Sea basin, which
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could explain why only one generation of subsurface sediment remobilization was observed in
the Early Oligocene to Mid Miocene succession in the northern North Sea, compared to the
Johan Sverdrup area. Hence, only the second step of the two-step model is applicable to the

study are in this thesis.
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8. Future work

This thesis has provided new information about trigger mechanisms for subsurface sediment

remobilization at convergent and inverted passive margins. With such a regional study, there

are still features that should be investigated in more detail. Ideas for future work are listed in

the following two subchapters.

8.1 The literature study

Study every basin in Table 5-1 more closely.
Include more locations where sand intrusions are observed in Table 5-1.
Develop alternative formation models for subsurface remaobilization at convergent and

transform margins.

8.2 The case study from the northern North Sea

Do more detailed seismic interpretation of the eastern basin flank to search for more
evidence for the occurrence of a submarine slab slide (e.g. search for a headwall scarp
and compression along the basin-flank transition).

For subsurface remobilization to occur, the slab slide must have been initiated quite
abrupt. It would have been interesting to model how fast a slide has to move to generate
liqudization along the slide plane.

Compare the lateral extent of the Grid and Skade Formations versus subsurface
remobilization. The relationship between the three could give information about the
parent unit of the sand intrusions.

Examine if the model is applicable to other parts of the North Sea, and in the rest of the
Hordaland Group.

Examine if there is anything (geometrically) that separates the mounds containing

mostly sand versus the mounds containing more mud than sand.
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9. Conclusion

The aim of this study was to investigate a possible link between trigger mechanisms of sand
intrusions, and the tectonic setting of the basin where they occur. The literature study that was
performed as a part of this thesis, revealed an overrepresentation of sand intrusions at

convergent margins (including transform margins) and inverted passive margins.

The main conclusion from the literature study is that lateral pressure transfer, caused by the
centroid effect, represents an important trigger mechanism at convergent and transform
margins. This was suggested on the basis of local grain rearrangements occurring due to step-
wise compression of sediments in the deep. The step-wise compression may result in rapid pore
pressure changes that can trigger sand injectites in shallower parts of inclined and permeable

layers.

The case study from the northern North Sea was utilized to investigate trigger mechanisms for
subsurface sediment remobilization at inverted passive margins. Seismic interpretation of 3D
seismic data, combined with well analyses of 34 wells was used to examine the study area. The
main conclusions from studies of the interval (top CSS-3 to top CSS-6) of Early Oligocene to

Mid Miocene age are:

e Submarine slab slides are likely to have triggered the subsurface sediment
remobilization. This model was based on the following:

o Remobilization took place at the slope and along the basin-flank transition, but

not in the basin center.

o The detachment surface interpreted along top CSS-3 encompasses a good
candidate for the slide plane. A continuous strong reflector was observed along
the base of the remobilized interval. This reflector represents the interpreted

detachment surface.

o Mounds created by subsurface sediment remobilization are arranged in N-S
trending ridges along the basin-flank transition, and are hence parallel to the
eastern margin and a potential headwall scarp.

o Mud was remobilized together with the sand. This was reflected in the non-linear
relationship between total sand thickness in the remobilized interval versus the

uplift of the mound.
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The model presented in this thesis, is the same as the one presented in Huvenne et al. (2002),

where it is suggested that:

e The slope failure occurred in a weak layer, when external forces surpassed the shear
strength of the weak layer.

e Liquidization of sand and mud occurred as a result of shearing along the slide plane of

the submarine slab slide.

The submarine slab slide was identified based on the interpreted slide plane being parallel to
the bedding. What separated the two case studies was that a headwall scarp was not identified

in the northern North Sea.

Based on observations from the literature and the 3D seismic dataset from the northern North
Sea, it was understood that one trigger mechanism cannot explain the formation of sand
intrusions and extrudites worldwide. The main trigger mechanisms of large-scale sand
intrusions appear to be linked to the tectonic setting of the basin. However, other trigger

mechanisms cannot be ruled out as local trigger mechanisms.
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Field report: Field work in Panoche Hills and Tumey Hills

20" of September to 8" of October

The University of Bergen (together with the University of Aberdeen)

Iselin T. Tjensvold (field assistant for research fellow Antonio Grippa)
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Introduction

The Panoche and Tumey Hills represent one of the best exposed sandstone intrusion networks
in the world (Cartwright, 2010). This report will present observations from the field,
interpretations based on the observations and how these observations have been valuable for
the progress of the work of my master thesis.

In my master thesis, 1 am exploring the possibility of categorizing sand injectites based on the
basin setting they occur. The study is based on literature, and there have been found evidence
suggesting that two basin settings dominate:

1. Sand injectites at convergent margins
2. Sand injectites at inverted passive margins

At the University of Bergen, | have regional 3D broadband seismic data available (acquired by
CGG) from the Northern North Sea. In this dataset | will study sand injectites formed at inverted

passive margins.

In the Panoche and Tumey Hills, deep water depositional sands were remobilized at a
convergent basin setting (Dickinson and Seely, 1979; McGuire, 1988) and hence the
observations from this fieldtrip are most relevant to the first category. However, the
observations are also very valuable in the context of the link between outcrop and seismic

interpretation.

Sandstone intrusions in Panoche and Tumey Hills

SN T %

R e

Sandstone intrusion cross-

Figure 1: Sand injectites in the Right Angle Canyon, California (modified after Hurst and Vigorito (2017).
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During the remobilization events, the Great Valley forearc basin was located at an active
margin. An active margin is characterized by a narrow shelf, steep slope, and a relative narrow
basin before the basin floor becomes a part of the accretionary prism (Fig. 2) (McGuire, 1988).
In Panoche Hills and Tumey Hills there are found injectites formed during two phases of
remobilization. The first remobilization phase happened during Danian (Early Paleocene) (e.g.

Fig. 1) and the second phase happened during Eocene.

Before the field trip in California I was convinced that the sand injectites in Panoche and Tumey
Hills occurred directly related to the compression and thrusting within the accretionary prism.
Based on observations in the field and discussion with Antonio Grippa, from the University of
Aberdeen, | realize that the remobilization did not happen in direct relation to the accretionary
prism, but rather at the continental margin (Fig. 2). There was made several observations of
large scale channel-complex (turbiditic channels) being the parent sand of the injectites.
However, Winslow (1983) describes dike swarms at the toe of the thrust faults, intruding into
the hanging wall in Chile. Based on her observations, sand injectites occurring in direct relation
to compression within the accretionary prism should not be excluded from the possible settings

where injectites occur.

%7\4
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2 N 74y
m ““;‘ — > =
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Overpressured section

Shale

Figure 2: The figure shows a schematic diagram showing the general tectonic setting of the San Joaquin Basin
during the first injection event (modified after Mitchell et al. (2010) and Schwartz et al. (2003)).
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The link between sand injectites in outcrop and in seismic

Sand injectites represent complex networks (Fig. 3). To understand the link between outcrop
and subsurface data, it is crucial to get a good picture of the pressure communication between
different sand bodies, and hence the possible fluid migration routes through the system.
Sandstone intrusions are connected to their parent unit, they form a network of dikes and sills
and they may also cross-cut pristine depositional sandstone units. | think this is one of the most
important lessons | learned during the fieldtrip. There is a very good example in Right Angle
canyon, where a slope channel-fill deposit cross-cut by a meter-scale sandstone intrusion (Fig.
1). Consequently, there is pressure communication between the depositional sand and the

injectite, even though the slope channel deposit is not the parent unit.

Another important lesson learnt was that if a large dike (seismic scale) is observed in the field
it will not be visible if it is steep (vertical). In other words, once may overlook huge fluid
pathways, which may be crucial for the interpretation and understanding of a petroleum system.
Figure 4 shows another important observation; dikes are not just a pipe. They might be large
sheets, interconnected with other sand injectites in the horizontal dimension, making the

sandstone intrusions networks even more complex to understand.

Figure 3: The picture shows a large sandstone intrusion network in the Dosados Canyon, Panoche Hills,
California. Most of these injectites would not be visible in seismic.
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Figure 4: The picture shows a sand injectite dike (marked with a black arrow). The main injectite is very thick
(tens of meters), and would be visible in seismic where it would show a wing structure. Smaller injectites can also
be observed (red arrows) on the picture, but these will not be visible in seismic. The picture is taken in Dosados
Canyon, Panoche Hills, California.

Conclusion

e Sandstone intrusions create large networks, establishing pressure communication
between sand bodies that were not connected originally, and hence new migration routes
for gas or fluids are constructed.

e Itisimportant to keep in mind that sandstone intrusions may not only be interconnected
to each other, but also other sand bodies which they cross-cut.

e Sandstone intrusions in the Panoche and Tumey Hills formed at the continental margin,
and not within the accretionary prism. However, based on observations from Winslow
(1983) in Chile, injectites occurring in relation to the compression within the
accretionary prism should not be excluded from possible geological settings where sand

injectites occur.
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Location Basin Specific Inclined Time of Basin settingat  Location of Trigger References
area parent remobilization  time of remobilized  mechanisms
body remobilization sands unrelated to
basin type
South Africa Karoo basin Inverted passive  Toe of slope (Cobain et al.,
margin (Proximal in 2015; Cobain et
the basin floor al., 2017)
lobes, linked
to pinchouts)
Angola Lower Congo Yes Miocene — Inverted passive  Toe of slope (Monnier et al.,
Basin Pliocene margin (flank (Updip fringe 2014; Oluboyo et
transition uplift generated of submarine al., 2014)
by salt diapirism)  lobe)
Ross land, Victorialand Lower Inverted passive Glacial trigger  (Passchier, 2000;
Antarctica Basin Oligocene margin Parnell et al.,
2013)
Australia Dampier Sub- Inverted passive (Dharmayanti et
basin margin al., 2006)
California San Joaquin Panoche Yes Lower Convergent Above crest (Schwartz et al.,
Basin and Tumey Palacocene and  (Compressional)  of sloping 2003; Minisini
Hills Eocene margin permeable and Schwartz,
sediments 2007; Vigorito et
(Cold-seep) al., 2008;
Cartwright, 2010;
Vétel and
Cartwright, 2010;
Palladino et al.,
2016)
Southwestern Dana Point  Yes Miocene Transform (Bouroullec et
California (Compressional) al., 2010)
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California

Canada

Southern Chile

Canada

China

Western
Colombia

The Falkland
Islands

The North Sea
(UK)

South—East
France

Santa Cruz
Basin

Magellanes
basin

Bohai Bay
Basin

The Faroe-

Shetland Basin

Vocontian
Basin

Santa Cruz  Yes

Quebec Yes

Yes

Lake Erie
Bluffs,
Bradtville,
Ontaria

Colombian
Andes

Miocene

Holocene

Plio-Pleistocene

Mid — Late
Miocene

Cretaceous
(Aptian to Mid
Albian)
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Transform
(Compressional)
margin

Inverted passive
margin

Retroarc foreland
basin
(Convergent
regime)

Inverted Passive
margin
Convergent
(Compressional)
margin

Inverted passive
margin

Inverted passive
margin

Basin margin

Slope

Toe of slope

Flank, Slope,
toe of slope

Slope, toe of
slope

Glacial trigger

Glacial trigger

(Boehm and
Moore, 2002;
Thompson et al.,
2007; Sherry et
al., 2012)
(Hiscott, 1979)

(Winslow, 1983;
Hubbard et al.,
2007)

(Dreimanis and
Rappol, 1997)

(Zhang et al.,
2016)
(Neuwerth et al.,
2006)

(Hyam et al.,
1997)

(Mitchell et al.,
1993; Hall and
Bishop, 2002;
Davies et al.,
2004; Shoulders
and Cartwright,
2004; Shoulders
et al., 2007;
Cartwright,
2010)

(Parize and Fries,
2003; Parize et
al., 2007)
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East Greenland

Southern
Iceland

India

Ireland

Western lIreland

Israel

Eastern
Mediterranean
Italy

Japan

Libya

Southern part
of the East
Greenland rift
basin
S6lheimajokull

Krishna-
Godwari basin

Western Irish
Namurian basin

Dead Sea Basin

Levant Basin

Murzuque
Basin

Jameson
Land

Bay of
Bengal

County
Clare

Rosroe
Peninsula

Outside the
coast of
Israel
Apennines,

Boso
Peninsula

Late Oxfordian
to the Volgian

Holocene

Pliocene

Carboniferous

Pleistocene-
Holocene

Pliocene and
Pleistocene
Late Miocene

Pliocene or later

Devonian
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Inverted passive
margin

Inverted passive
margin
Inverted passive
margin

Inverted passive
margin
Convergent
(Compressional)
margin

Convergent
(Compressional)
margin
Convergent
(Compressional)
margin
Convergent
(compressional)
margin

(channel
banks)

Glacial trigger

Slope and toe
of slope

Slope and toe
of slope

Toe of slope

At the toe of

the trench-

slope basin
Hydrothermal
event

(Surlyk and Noe-
Nygaard, 2003;
Surlyk et al.,
2007)

(Le Heron and
Etienne, 2005)

(Shanmugam et
al., 2009)

(Gill and
Kuenen, 1957,
Jonk et al.,
2007a)
(Archer, 1984)

(Porat et al.,
2007; Alsop and
Marco, 2011)

(Frey-Martinez et
al., 2007)

(Gamberi, 2010;
Huuse et al.,
2010)

(Ito et al., 2016)

(Moreau et al.,
2012)
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Southwestern
Nigeria (Gulf of
Guinea)

The North Sea,
(Norway)

New Zealand

Portugal

Mainly covers
Brazil, but also
Uruguay,
Argentina and
Paraguay
Russia

North Sea (UK)

Dahomey
(Benin) Basin

The North Sea
Basin

Taranaki Basin

Algarve Basin

Parana Basin

North Sea
Basin

Yes and
no

SW lberia

Parana
volcanic
province

Southeast Yes
Schmidt
Peninsula,
Sakhalin,

Outer

Moray

Firth

Cretaceous or
later

Palaeocene,
Early Eocene,
Oligocene,
Miocene

Jurassic (Early
Pliensbachian)
Cretaceous

Miocene

Eocene
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If the injection
occurred during
Cretaceous, it
happened during
rifting

Inverted passive
margin

Slope

Flank and toe
of slope

Extensional

tectonics/rifting
Hydrothermal
event

Transform
(compressional)
margin

Inverted passive
margin

(Davies, 2003;
Olabode, 2006)

(Jenssen et al.,
1993; Lonergan
et al., 2000;
Faleide et al.,
2002; Jonk et al.,
2005a;
Cartwright, 2010;
Christensen,
2015; Rundberg
and Eidvin,
2016)

(Hurst et al.,
2003b; Morley
and Naghadeh,
2017)

(Ribeiro and
Terrinha, 2007)
(Hartmann et al.,
2013; Pinto et al.,
2015)

(Macdonald and
Flecker, 2007)

(Lonergan et al.,
2000; Duranti
and Hurst, 2004;
Huuse et al.,
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Saudi Arabia

Scotland

West Texas

Tunisia

The U.S.

The U.S.

Red Sea
Coastal Plain

Marathon Basin

Maghrebian
Flysch Basin

The Colorado
Plateau

Eastern
Bighorn Basin

South
Jeddah

Midland Yes
Valley

Yes

Tabarka Yes

Utah

Wyoming

Holocene

Carboniferous

Oligo-Miocene

Jurassic

Cretaceous
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Peritidal setting

Convergent
(compressional)
margin

Convergent
(compressional)
margin
Convergent
(compressional)
margin

Convergent
(compressional)
margin
Convergent
(compressional)
margin

Coastal plain

In
accretionary
prism

Lateral
injection
originating in
channel
complex in
upper slope
environment

The western
flank and the
nose of of the
Sheep
Mountain
Anticline

Tidal pumping

Volcanism?

2005; Cartwright,
2010)
(Taj et al., 2014)

(Jonk et al.,
2005b; Jonk et
al., 2007b;
Underhill et al.,
2008)

(Diggs, 2007)

(Thomas, 2011)

(Chanetal.,
2007)

(Beyer, 2015)



