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During burial of the source rock the temperature and pressure increase, resulting in
the maturation, generation and expulsion of hydrocarbons. Known temperatures
are approximately 80-140 °C for oil, 120 °C for wet gas and condensate, and higher
temperatures result in dry gas. The average geothermal gradient for the North
Sea Basin is 34.6 °C /km (1.90 °F/100 ft), (Evans et al, 2003). However, variations
occur in the study area. Based on this information, a maturity map has been
made from the BCU surface map. The colored areas in Figure 10.1 are interpreted

to contain mature source rock in the study area.

Figure 10.1: The source rock distribution has been displayed in the above bgure.
It is shown on a topographical map of the BCU. Colors indicating possible mature
source rock areas. Darker colors represent deeper buried source rocks, hence more
mature source rocks.

However, the source rock seems to be early mature in limited areas, hence it
is uncertain if significant quantities of hydrocarbons have been expelled. The

extent of the Bryne Formation varies. Also for this source rock the quantity of
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hydrocarbons expelled represents an uncertainty. The map is made from depth-
migrated seismic. Uncertainties concerning the conversion from time to depth may

have affected the depths shown on the maturity map compared to actual depth.

Migration has taken place from the Feda Graben, eastwards to the Mandal High
as shown by shows in well reports from the NPD fact pages (2014), located on the
northern part of the high. It is more uncertain if the migration has taken place

from the Tail-End Graben directed north towards the Mandal High.

10.3 The fracture network, within the crystalline

basement in the Mandal High

For fracture networks to function as a migration pathway or reservoir, pore space
and permeability must be present. Porosity is created by weathering, dissolutions
and tectonics. Permeability is generated by a well connected fracture network
with a high amount of fractures. Cemented fractures decrease both the porosity
and the permeability. However, reactivation of faults contributes to crush older

cemented fractures, which results in reopening of closed pathways.

Did the Mandal High act as a migration barrier or as a migration pathway for
hydrocarbons to migrate from mature source rock areas? It is an open ques-
tion which can only be answered by exploration drilling and further studies. Are
fractures present within the Mandal High to migrate through? This can only be
answered for certain by dedicated inclined to horizontal wells which penetrate the

interpreted fractures.

10.3.1 Fracture network structure

The crystalline basement within the Mandal High is defined as a horst structure.
The top of the basement high is interpreted to be reached at a depth of approxi-
mately 3200 m, (Figure 8.7). This is based on reports describing well 3/7-1 from
the NPD fact pages, which recorded top basement at 3218 m.

Five main fault trends are identified in the study area, and the dominating trend

is interpreted to be the northwest-southeastern. Four out of five are present within
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the crystalline Mandal High as can be seen from Figures 8.2, 8.3, 8.4 and 8.5. How-
ever, some trends are sparsely represented within the Mandal High only by minor
fractures. The high values on the Ant-Tracking map, are due to large fault offsets,
and the small values are due to very small offset or displacement of rock due to
fracture movement. It is therefore possible to distinguish between major and minor
fractures on the Ant-Tracking data. Fault trend 1 is regarded as the main trend
within the crystalline high. It is represented by multiple major faults and frac-
tures (Figure 8.2A) in the upper part of the Mandal High. Fault trend 2 is mainly
represented on the north-western side of the Mandal High, whilst fault trend 3
is stronger represented on the southern tip. Fault trend 4 is mainly represented
outside the Mandal High area, however contributes with minor fractures and faults
within the high itself. Thus, by combining all the fracture trends present within
the crystalline basement they represent a high density fracture network within the
Mandal High.

The uppermost layer of the crystalline basement has, according to well data from
the NPD fact pages (2014), been deformed and weathered. Fractures are reported
to be found within the crystalline basement in well 2/6-5 and 2/6-3. However, no
signs of fractures were found in well 3/7-1 in the Mandal High. It is believed that
fractures might still exist within the crystalline high for this area, based on seismic
interpretation and well location. It is possible that the well did not penetrate
any fractures, thus no information about the fractures has been gathered. From
attribute interpretation, the north-eastern area surrounding well 3/7-1 has been
chosen to contain the densest representation of fractures on the Mandal High, as

can be seen on Figure 8.6, and its following figures.

The Ant-Tracking map has shown a good result in tracking the distribution of
well connected fractures within the Mandal High. Ant-Tracking maps sliced at
numerous depths can map the distribution of fractures for a given area. Figure
8.9 displays a depth slice cutting through an Ant-Tracking cube at a depth of
4170 m. Thus, it is cut under the top basement surface, and represents fractures
within the crystalline basement. The fractures form a well connected fracture
network, with a representable amount of fractures. Both major and minor fractures
are characterized by relatively thick and thin lines in Figure 8.9B. The fractures
extend over the entire horst structure and are interpreted to be in contact with

the juxtaposed sedimentary layers on the flanks of the Mandal High.
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The fracture network within the Mandal High is well represented in a vertical
manner throughout the crystalline basement. However, at a depth of 6480 m a
clear decay in fracture density can be observed, represented by Figure 8.11. The
fractures are sparsely distributed, with few major faults. Thus, the fracture density
within the crystalline basement decreases as a function of depth. One reason for
this may be that the fractures get more compacted the further down they are
buried, and are not recognized as fractures on the seismic. Another reason for this
might be the resolution of the seismic data. The seismic wavelet attenuates as it
travels further into the subsurface. It is therefore difficult to interpret in detail
the vertical fault propagation at larger depths and the relationship between the

faults and the fractures.

10.3.2 Migration pathway or barrier?

The crystalline basement of the Mandal High might either work as a migration bar-
rier, or as a migration pathway, Rossland et al (2013) proposed that the crystalline
Mandal High was likely to have acted as a migration barrier for hydrocarbons mi-
grating from the Feda Graben to the Sggne Basin until the Early-Cretaceous. They
further suggest a potential migration route around the southern or northern tip of
the Mandal High. This theory supports the possibility of finding reservoirs in sands
sourced from the Mandal High and deposited on the Piggvar Terrace, trapped by
the crystalline rock and overlying Cretaceous chalk. They also mentioned that
hydrocarbons could migrate through the Mandal High via open fractures in the
crystalline rock. However, no further study of the fracture network within the

Mandal High was done.

Through this research a study of the fracture network within the crystalline rock
has been carried out. Based on information gathered from raw seismic, well data
and attributes a possible fracture network within the crystalline basement of the
Mandal High has been proven. Thus it is believed that hydrocarbons would not
be trapped in sands on the Piggvar Terrace, but travel further into the fracture

network within the crystalline basement.

Observations made on high resolution broadband seismic, sampled with PGS
GeoStreamer technology show clear signs of fractures within the crystalline base-

ment from depth slices (Figure 8.23A). The fractures extend over the entire horst
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structure, and is interpreted to be in contact with the sedimentary layers juxta-
posed to the faulted edge of the basement high. This can also be shown in map
view from Ant-Tracking cubes and various other attribute volumes (Figures 7.8,
8.21A and 8.23B). This is an indication of a direct connection between the frac-
ture network and the Jurassic carrier beds, sourcing the crystalline basement with

hydrocarbons from the laterally lower source rock.

However, another contributing factor is whether or not the fractures are open or
closed. If the fractures are cemented, hence closed, the Mandal high will function
as a migration barrier, even though fractures are present within the crystalline
rock. A good representation of fractures in a dense manner is thus not enough to
determine a functional migration pathway within a fracture network. Well 2/6-
5, located north of the study area, has been reported by the NPD webpages to
contain proof of hydrocarbons within the fractures of the crystalline rock. This is
an indication of existing partly open fractures within the crystalline structure in
the study area. However, they are described as tight fractures due to cementation.
Hydrocarbons may still be able to migrate through the tight fractures, and the

cementation is therefore not looked upon as a barrier to hydrocarbon flow.

From seismic interpretation, the crystalline high acted as a sub aerially exposed
horst structure, due to rifting, until Early Cretaceous times. During this time
the Mandal High has been interpreted to have undergone weathering before being
reburied. A weathered layer has the potential of increased porosity and permeabil-
ity. A weathered zone in the top basement has been suggested from well reports to
penetrate the crystalline basement of the Mandal High. In well 2/6-3, the top crys-
talline rock is referred to as altered basement by the NPD fact pages (2014). Based
on the given information, a weathered zone on top basement is thus de-risking the

possibility of a migration pathway existing within the crystalline basement.

Basement charging is most commonly thought to result from up-dip migration from
an adjacent kitchen area into structural highs, (Gutmanis et al, 2012). Thus, the
hydrocarbons are more likely to enter the crystalline basement through the upper
part of the Mandal High, because hydrocarbons mostly seek to migrate upwards
due to density differences. From horizontal depth-slices and well data, it has been
proven that the upper part contains a weathered zone and dense representation of
fractures, which may be open and connected. Since the fractures and faults are
more difficult to predict for greater depths, the up-dip migration pathway fits well

with the proposed migration model.
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10.3.3 Reservoir

The quality of the fractures within the Mandal High as part of a functioning
reservoir, has not been the focus during the discussion. The reason for this is the
relatively tight fractures observed in well 2/6-5 from the NPD fact pages (2014),
resulting in the interpretation that the fractures are too cemented to work as a
functioning reservoir. However, more data is needed for this to be proven, and
the question is still open. Fault and fracture networks have been interpreted on
seismic. Especially in the area of well 3/7-1 where there seems to be a high
density of fractures. The weathered zone interpreted on top basement also has
a potential for reservoir, and more importantly enhance the producability of the
fracture network. Only well data from penetrated fractures, can give a good answer

to the quality of a fractured reservoir.

10.4 Future work

A suggestion for well placement for future work would be the north-eastern part of
the study area, marked by green in Figure 8.6. It has been chosen as the location
which contains the most connected fractures within the crystalline basement, and
as the highest part of the Mandal High. A horizontal well may therefore be
proposed to drill through this area, to connect as many fractures and faults as
possible. Extensive sampling, logging and interpretation of the data will be needed.
Hence, the potential of fractures within the Mandal High will only be proven by

horizontal drilling.

Additional techniques to further study fracture and fault networks within the
basement, such as velocity and gravimetric studies, should also be brought to
attention. Velocity from seismic data is used to identify low velocity areas in
basement. Low velocity is interpreted to represent area of weathering and highly
fractured basement (Gjorstad, 2012). The NGU (2012) field work in Norway has
shown that chemical weathering of the basement created a weathered zone with low
density and high porosity. NGU has thus carried out research using gravimetric
data to identify weathering and fractured zones. NGU has also performed research
using gravimetric on the Loppa High in the Barents Sea. The interpreted faults and

fractures show good correlation to the seismically interpreted faults and fractures.



11 Conclusion

Based on this research on basement as part of a petroleum play the conclusions
on fracture and fault enhancement within the crystalline basement and their role

in a working petroleum play, are as follows:

e Fault and fractures have been proven to be important components in a work-

ing petroleum system, for various plays around the world.

e The fractures and faults are the main critical element for a basement reser-
voir to be able to both accumulate hydrocarbons (porosity) and to produce

hydrocarbons (permeability).

e Attributes applied to broadband seismic, enhanced imaging and the resolu-

tion of fault and fracture patterns.

e The Ant-Tracking attribute volume portrays the patterns of faults and frac-
tures more explicitly than any other attribute tested, due to its multi-

attribute structure and various filtering options.

e De-risking of the Mandal High basement as a potential fracture network
reservoir or migration pathway, within the crystalline basement, has been

proven through attribute analysis and conventional seismic interpretation.

e The final test of the fracture network potential of the basement rock in the

Mandal High can only be done by drilling of a dedicated well.

e The Mandal High is situated in an area with proven mature source rock.
Migration towards the high has taken place, and there is a structural closure
at the highest part of the Mandal High, hence a possibility for a basement
trap.

e The Mandal High has proven reservoirs flanking the high. A trap containing

both basement and flanking sands thus exists.
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