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Introduction
Over the last 50 years, higher than normal pore pressure (overpressure) has received much attention
because of its postulated influence on many processes
and properties that affect sedimentary basins and
rocks. In basins that are dominated by siliciclastic sedimentation, most of the focus has been directed towards
the pore pressure development in shale and sandstones,
which normally make up over 90% of the rock-types
there. In his pioneering work on the development of
abnormal pressures in the Gulf Coast of Louisiana,
Dickinson (1951) attributed these pressures to "compaction of the shales under the weight of the overburden". During the compaction process, both shale and
sandstones will compact and lose some of their original
porosity. In the shale, this process will rapidly lead to a
marked reduction in rock-permeability, which will
retard the escape of fluids from the rock. This will again
lead to the development of overpressure, as the retained
fluids now will carry part of the overburden load. This
pressure generating process is called disequilibrium
compaction (Mann & Mackenzie 1990). The name
implies that the compaction process has been halted
relative to and is in disequilibrium with depth, and the
shale will because of this retain higher water content
(i.e. higher porosity) than what is judged "normal" for
that depth. The explanation given by Dickinson (1951)
gained wide acceptance in the years to come, and it was
not severely challenged until Powers (1967) suggested
that the release of water from montmorillonite during
its alteration to illite could lead to the development of

abnormal pressures. Later on, several other geologic
processes have been postulated to explain overpressures. Finch (1969) attributed the abnormal pressures
encountered in the Antelope field, Williston Basin, to
tectonic forces. Barker (1972) proposed aquathermal
expansion as a possible cause of abnormal subsurface
pressures. Hedberg (1974) considered the generation of
both biogenic and thermally generated gas to influence
and enhance the development of overpressures. Hinch
(1978) concluded that thermochemical diagenesis of
organic matter with the generation of oil would lead to
a "significant increase in shale pore fluid pressure".
While some of these processes are considered to be of
local or semi regional significance, today, most workers
on the subject are in agreement that disequilibrium
compaction is the main cause of overpressure in
regional thick shale successions during continuous
rapid burial (Osborne & Swarbrick 1997). In fact,
Mann & Mackenzie (1990) considered compaction disequilibrium as "the predominant cause of most large
overpressures observed in sediments" and attributed
the overpressures encountered in the Jurassic sandstones from Haltenbanken as "inherited from their
surrounding mudstones and siltstones".
In the modelling presented in this paper, it is assumed
that the overpressure in shale is mainly caused by
disequilibrium compaction. It follows from the disequilibrium compaction concept that the pore pressure
in shale will influence the pore pressure in encased
sandstone. However, since it is impossible with today’s
techniques to measure pore pressures directly in shale,
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Fig. 1. Map of the Haltenbanken area showing the different structural elements, major fault zones, hydrocarbon discoveries and wells studied.
The area colours give the depth relationships: from shallow (light) to deep (dark). Line A-A* gives the position of the cross-section in Fig. 2.
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all precise measurements of pressure that are referred
to shale are made in adjoining high permeability rocks
(e.g. sandstones). To arrive at reliable pore pressures in
shale, it is therefore necessary to ensure that the pore
pressure encountered in a sandstone bed is really
representative of the pore pressure in an adjacent shale
unit. England et al. (1987) pointed out that fluids
would flow laterally in extended dipping sandstones,
thus perturbing the balance between the pressure in the
shale and in the sandstone. Mann & Mackenzie (1990)
took this behaviour into consideration and used only
the pressures encountered in isolated high permeability
rocks of limited horizontal and vertical extent as a basis
for their estimates of overpressure at Haltenbanken.
A working prerequisite was that the vertical displacement between the down-dip and up-dip ends of the
permeable rocks, in which the pressure was recorded,
should not exceed a few hundred metres. They showed
that the pore pressure in isolated sandstones of limited
extent at Haltenbanken (and in several other basins)
has an almost linear and increasing gradient with depth
(Mann & Mackenzie 1990). Based upon the assumptions
given above, this gradient may be considered equivalent
to the pore pressure gradient in the surrounding shale.
Earlier work at Haltenbanken has attempted to decipher
the origin of the high pressures that characterize the westernmost province of the area (e.g. Vik et al. 1992; Skar et
al. 1999). These and other authors regard the high pressures mainly as a consequence of pressure communication
with other highly over pressured rocks in combination
with disequilibrium compaction. In a recent work,
Hermanrud & Nordgård Bolås (2002) argue that the
maximum pore pressures at Haltenbanken are controlled
by leakage through fracturing, and that this fracturing
was a consequence of flexuring of the rocks due to contrasts in the Quaternary ice load at the surface.
It seems to follow from these deliberations that the high
pressures encountered at reservoir levels in the westernmost parts of Haltenbanken are regarded abnormal for
their depths. In this paper I will argue that these high
pressures are a consequence of the water budget in the
reservoirs (pressure cells) as a function of the pore pressures in the surrounding shale, and that they consequently should be regarded normal for their depths
(Nysæther 2005). There is thus probably neither a need
to have additional pressures supplied from external
sources to explain the high pressures nor a need to bleed
off fluids through fractures in order to maintain the
pressures in the reservoirs at "acceptable" levels.
In this paper, I develop a model for how pore pressures
are transmitted from shale to sandstones and how it is
possible to predict pore pressures in sandstones that are
encased in shale based upon knowledge of the pore
pressure distribution in the shale and the geometric
configuration of the sandstones. The modelling results
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will be compared to actual pore pressure measurements
in sandstones of the area. A case history will be used to
examine the distribution of overpressures in a reservoir
sequence and to produce a geological model in order to
explain this distribution.
I would like to stress that this paper is not intended to
discuss the origin of excess pressures in shale. I interpret
the pressure development at Haltenbanken, however, as
being indicative of a hydraulic system where the shale
permeability governs the overpressure development by
controlling the amount of fluids that is expelled from
the sediments in response to an applied force.

The geological history and database of
the Haltenbanken area
Regional geology and pore pressure development
The depth to and the continuity of the prospective
Jurassic formations illustrate the tectonic development
in the area. On the Trøndelag Platform (Fig. 1), the top
of the Jurassic plunges regularly from where it crops
out on the seabed along the Norwegian Mainland in the
east, to a depth of around 2000m along the western
margin of the Platform (Fig. 2). In the northwest, it
meets the northeast-trending Nordland Ridge, which
separates it from the down faulted Dønna Terrace.
Further south, the Platform plunges down into the
Halten Terrace, which is linked to the Dønna Terrace in
the north. The deep Rås Basin bounds the two terraces
in the west and northwest. On the Terraces, the top
Jurassic is situated at depths ranging from 3000m to
over 5000m. The reason for this variation is numerous
faults that cut the Terraces and split the formations up
into a series of WNW-tilted fault blocks. In the Rås
Basin, the top Jurassic is situated at depths over 6000m
and here the Jurassic formations are little known.
Immature Upper Jurassic source-rocks characterize the
Trøndelag Platform and the Nordland Ridge. Because
of this, the few discoveries (e.g. Draugen), which can be
related to the platform and ridge area, are all situated
along their western margin and must have received
hydrocarbons from the more deep-seated Terraces
(Heum et al. 1986; Koenig 1986). With a few exceptions,
the pore pressure in the Jurassic formations on the
platform and on the ridge is hydrostatic.
The Halten Terrace has been the playground for most
of the exploration activity in the area. With a good
quality and mature Upper Jurassic source-rock, and
extensive and thick Middle Jurassic reservoirs and
structural traps linked to the fault blocks, the scene has
been set for the development of prolific oil and gas
discoveries. The pore pressure of the reservoir rocks,
however, varies from hydrostatic to a pressure near
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Fig. 2. NW-SE cross-section through the Trøndelag Platform, the
Halten Terrace and the Rås Basin (line A-A* in Fig. 1).
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twice the hydrostatic pressure. In an early stage of the
exploration phase, explorationists saw a link between
high overpressure and dry traps. The important gasdiscoveries, in the late 1990’s, in the high-pressured
traps in the western parts of the area, led to a partly
abandonment of this hypothesis.
Several studies have discussed the distribution and origin
of pore pressures in the Haltenbanken area. Mann &
Mackenzie (1990) designed a procedure for calculating
the pore pressure distribution in sedimentary basins,
which was tested on sandstone sequences in Haltenbanken. They explained the presence of overpressure in
the formations by the compaction disequilibrium
mechanism. They also introduced the term "pressure
cell" meaning a reservoir unit containing fluids with a
constant overpressure. After calibrating the model to
wells in several pressure cells in the area, they were able
to model the overpressures in other cells with varying,
but partly with good results.
Vik et al. (1992) suggested, based upon a study of the
gas-prone source-rocks in the Åre Formation, that the
overpressures in the Jurassic reservoirs at the western
parts of the Haltenbanken area were a combined result
of a rapid subsidence in the Pliocene and pressure communication between the deep seated gas producing
shale and the overlying reservoirs.

Fig. 3. Generalized stratigraphic column of the Haltenbanken area
(Dalland et al. 1988).

Koch & Heum (1995) only briefly discussed the pressure
development, but indicated that Late Tertiary subsidence and compaction was the main cause of overpressure development and that some reservoirs might have
received additional pressure from the deep Møre Basin
in the southwest along the Klakk Fault Complex.
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Lilleng & Gundesø (1997) argued that the overpressures
encountered in the Njord Field were a consequence of
"the dramatic increase in the subsidence rate of the
Njord area during the Pliocene to Recent (last 5M
years), which caused a rapid increase in overburden
loading and a renewed pulse of intense fluid charge to
the reservoir units".
Skar et al. (1998) thought that the compaction disequilibrium mechanism for generation of overpressure was
insufficient to explain the pressure development in the
Cretaceous shale, and suggested that diagenetic processes
might have played an additional role in the fluid pressure evolution.
Hermanrud et al. (1998) and Teige et al. (1999) questioned the effect of compaction disequilibrium in highly
over-pressured shale at Haltenbanken as this shale fails
to show higher porosities than normally compacted
shale for a given depth. One possible explanation is that
the elevated pressures post-date the compaction
(Hermanrud et al.1998).
Skar et al. (1999) presented a model for pressure evolution on the Halten Terrace and concluded that the
important overpressures encountered in the Jurassic
formations were due to a combined process of compaction disequilibrium and a sudden transfer of fluids
from the deep Rås Basin in the west. The Klakk Fault
Complex, which was closed during the pressure buildup in the Rås Basin, opened from time to time and
released the pressure by transferring the excess fluids to
the reservoirs on the Halten Terrace.
Hermanrud & Nordgård Bolås (2002) argued that the
high overpressures in some of the deeply buried reservoirs in the western part of the area are controlled by
leakage through fracturing, and that this fracturing is a
consequence of flexuring of the rocks due to contrasts
in the Quaternary ice load at the surface. They attributed the non-existence of hydrocarbons in these reservoirs to the leakage process. They did not, however,
discuss which pore pressure generating process is
responsible for the maintenance of the high overpressures in these formations.
There thus seems to be consensus among a majority of
the authors that compaction disequilibrium plays an
important role in the development of overpressures in
the Haltenbanken area. However, some authors see a
need to include additional pressure generating processes
in order to explain the highly over-pressured formations
in the western part of the area.
Stratigraphy
A generalized stratigraphic column of the Haltenbanken
area (Dalland et al. 1988) is shown in Fig. 3. The

Fig. 4. Total amount (weight percent) of clay minerals versus depth
in well 6407/7-1. Values are from XRD-analysis of cutting material,
sampled every 50m.

Middle/Lower Jurassic reservoirs that are the main targets in the area are found in several formations. The
most important and youngest of these is the Garn
Formation, which is deposited in a shallow marine to
fluvial environment. Its thickness varies from up to
300m in the southwestern parts of the area to near
extinction in the northeastern parts. This is partly due
to variations in the original depositional processes, and
partly due to uplift and truncation of part of the
succession before the onset of a new phase of sedimentation. The latter initiated the deposition of the marine
shaly and silty Upper Jurassic Melke Formation (Heum
et al. 1986). The thickness of the Melke formation fluctuates around 100m on the structural highs, but may be
considerably thicker than this in the basinal areas. The
Spekk Formation terminates the Jurassic succession.
This formation is dominated by a fine-grained and very
organic rich rock, which is regarded as the principal
source-rock in the Haltenbanken area. Its thickness
varies and may be absent on several structural highs. In
the deep basinal areas, however, its thickness probably
attains several 100m.
The Cretaceous succession starts with an up to 50m
thick zone of calcareous shale with occasional beds of
limestone. Following this is a fairly uniform suite of
shale, with a varying but at times important content of
silt and sand, that goes all the way to the top of the
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Cretaceous. Inter-bedded in the shale at several levels
are also units with thin-bedded sandy turbidites. Some
of the turbidites above and around the Smørbukk discovery contain oil, and hence they have been regarded
prospective in this area. Pressure measurements in the
Lange, Lysing and Nise formations form the principal
basis for the identification of a regional overpressure
gradient. Fig. 4 shows the results of an XRD-analysis of
cuttings from well 6407/7-1, which attests to the
uniformity of the Cretaceous shale. The thickness of
the Cretaceous rocks in the western parts of the Halten
and Dønna Terraces is in the order of 2000m and thins
eastwards (Fig. 2).
The Tertiary succession starts with marine silty shale,
which in turn is overlain by tuffaceous shale of Late
Palaeocene-Eocene age. When entering the tuffaceous
shale of the Rogaland Group there is a sudden increase
in clay minerals (Fig. 4), which are dominated by smectite. Above a regional unconformity of Mid-Oligocene
age a sequence of mainly Plio-Pleistocene age follows
that is composed of shale inter-bedded with thick sandstone units. This sequence has a total thickness of
around 1500m in the west and thins eastwards (Fig. 2).
Sources of data/database
Despite the dominance of shale over other rock types in
most basins, pore pressure measurements in shale are
rare. This is because measured pressures can only be
obtained in permeable rocks like sandstones. In a well,
the mud weight pressure is often used as an upper limit
for the pore pressure of the rocks. This may give a
reasonable estimate in some instances, whereas in
others it is far off, because often the mud weight reflects
the drillers expectation of what pore pressure might be
met in a certain setting, or it is used to control the pressure in some permeable sections higher up in the well.
Also direct pressure recordings obtained during a drill
stem test (DST) may be difficult to interpret, as these are
not specifically designed to evaluate the formation pressure but rather are a product of the efforts to produce
hydrocarbons. Therefore, pressures used in this paper are
those recorded by a repeat formation tester (RFT) only.
That means that the pressures recorded have been taken
from permeable sections such as sandstones.

Pore pressure distribution in the Haltenbanken area
Regional overpressure gradient
Fig. 5 shows a plot of overpressure versus depth for the
Haltenbanken area. Most of the pressure data comes
from the Middle Jurassic reservoirs and in particularly
from the Garn Formation, which has been penetrated

Fig. 5. Overpressure versus depth plot for the Haltenbanken area.
Values are from RFT-analysis.

in nearly all wells. But also data from other Jurassic and
some Cretaceous reservoirs have importantly contributed
to our understanding of the pressure distribution in the
area.
There are two apparent linear pressure trends in Fig. 5:
one that runs obliquely to the depth axis (A), and one
parallel with the depth axis (B). In between these two
trends there is an area (C) with relatively few data and
no clear patterns.
In addition to data from Lower and Middle Jurassic
sandstones, the A-trend has also a high proportion of
data from Cretaceous and Upper Jurassic sandstones
(red squares), and this trend would likely not have been
identified if the Cretaceous and Upper Jurassic data
had not been included. The sandstones in these
successions are thin bedded and interpreted as being of
turbiditic (Hastings 1987; Dalland et al. 1988; Walker
1998; Martinsen et al. 2005) or slump/debris-flow
(Shanmugam et al. 1994) origin. Unlike the sandstones
in the Middle Jurassic Fangst Group, the Cretaceous
sandstones are interpreted as bodies with limited lateral
and vertical extent. For instance, the sandstone system
of the Lysing Formation of early Late Cretaceous age
has a maximum measured thickness of 80m, a width of
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about 10-20 kilometres and a length of up to a few tens
of kilometres along the eastern margin of the Dønna
and Halten Terraces (Martinsen et al. 2005). As a consequence of the low dips, the height difference between
the up dip and low dip end of the total sandstone
system is not more than a few hundred metres. Furthermore, according to Walker (1998), it seems unlikely
that individual beds in this formation form sheets that
are continuous across the area. Shanmugam et al.
(1994) cites Cook (1979) that debris-flows generate
discontinuous sediment bodies with thickness-to-with
ratios of 1/30 to 1/50. According to Shanmugam et al.
(1994) it is unlikely that sandstones that are emplaced
by slumps and debris-flows would form laterally
continuous sandstone bodies.
As both depositional models for the distribution of
Cretaceous sandstones imply that the sandstone bodies
probably are of limited lateral and vertical extension,
we may conclude that they can hardly transmit pressures
from much deeper levels than where the pressure
actually has been measured. Also Mann & Mackenzie
(1990), in their pressure modelling of vertical flow,
which included Haltenbanken, accepted the use of
pressures from isolated sandstones as a measure of the
pressure in the shale in which they were embedded.
They limited the use of pressure measurements, however, to those sandstones that displayed maximum "a few
hundred metres vertical displacement between the up
dip and down dip end". Likely, this means that the
observed overpressures in the Upper Jurassic and
Cretaceous sandstones are representative of the overpressure conditions in the surrounding shale and that
this pressure trend must be of regional significance in
the Haltenbanken area, as it contains data from a large
part of the Halten and Dønna Terraces.
Fig. 6 gives the overpressure versus depth values of the
Upper Jurassic and Cretaceous formations from the
A-trend together with a second order polynomial-fit
equation (1) (appendix). This fit equation is taken to be
the regional overpressure gradient for the Upper Jurassic
and Cretaceous shale and is here called the regional
shale-gradient. Note that the shale-gradient is uncertain
over 350 bars since it is not constrained by any data
points. The pore pressures of the Middle and Lower
Jurassic sandstones (Fig. 5) follow this trend mainly
because most exploration wells, in which pressures
have been measured, penetrate the sandstones a few
hundred metres below the structural culmination of
the sandstone. And as the structural culmination
frequently is the same as the apex (=shallowest
position) of a sandstone body, it follows, from what will
be explained later, why pore pressures in most exploration wells also will plot along this trend.
For water to flow through the pore structure of a rock,
a gradient of excess pressure must exist. In Haltenbanken,
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since overpressure increases regularly with depth, the
implication must be that the flow of water upwards is
almost vertical (England et al. 1987; Mann & Mackenzie
1990). This again would imply that the overpressure in
the shale would be a function of depth, and that any
horizontal plane would be a surface of near to constant
overpressure. However, a more detailed investigation of
the data that defines the shale-gradient tells us that this
is not the case. The distinction has been made between
data from different geographical areas; an interesting
relationship appears in that all data from the Smørbukk
and the Heidrun area forms a smooth (blue) alignment
parallel to and "below" the shale-gradient, whereas a
majority of the other data plots together in a similar
(red) alignment "above" the shale-gradient. For any
depth in the area, the overpressure difference between
these two alignments is between 20 and 50 bars.

Fig. 6. Overpressure versus depth plot for Cretaceous and Upper
Jurassic rocks, with a 2. order polynomial-fit function (see appendix),
identifying the regional overpressure-gradient for the shale
succession.

These alignments are shown on a map in (Fig. 7).
Whereas all pressures within the blue alignment are
concentrated in a NNE-SSW extended area across the
Smørbukk and Heidrun Fields – except for the three
wells in the central/southern part of the Halten Terrace
- the red alignment is split into 3 different areas, two of
which face the deep Rås Basin and a third that is situated
in the central part of the Terrace. The split of the regional
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Fig. 7. The regional distribution of overpressures, which defines the regional shale-gradient (see text for explanations).
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gradient into local highs and lows indicates therefore
that any surface of constant overpressure must have an
undulating appearance across the area. It is a possibility
that the two basin-facing areas ("red alignment")
receive some of their excess pressure from the shale in
the basinal areas to the west and north. The third area,
however, that encloses the Smørbukk Alpha and the
Tyrihans fields, cannot be readily understood in this
context. One possibility is that the Grinna Graben,
which is situated between these two fields, funnelled
Cretaceous turbidity currents that transported sand
farther seaward than elsewhere in the area (Koch &
Heum 1995). Today, higher than "normal" pressure is
transmitted from these deeper sandstones to the shallower
sandstones around the Smørbukk Alpha and the
Tyrihans fields along the Grinna Graben. It may thus be
that the pressure values from this area should not have
been included when calculating the polynomial-fit
equation for the Upper Jurassic and Cretaceous
formations as they may belong to sandstones with more
than a few hundred metres vertical displacement
between their up-dip and down-dip ends.
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by recent permeability data for argillaceous and crystalline rocks, and most evaporites.
On a level with the discussions by Tóth et al. (1991),
Neuzil (1995) and others, the term pressure cell, as first
defined by Mann & Mackenzie (1990) to denote sandstones with a constant overpressure, will be used in the
forthcoming discussions in this paper. This also coincides
with the observations in this Haltenbanken study. In
many wells, the Jurassic reservoirs tend to have a nearly
constant overpressure throughout a considerable depth
range and to form pressure cells. Mann & Mackenzie
(1990) identified in their paper several pressure cells in
Haltenbanken. Even more cells will be identified here.
Fig. 8 shows the average regional over-pressure-gradient
for the shale in addition to identified pressure cells in
the area. The B-trend contains Jurassic reservoirs from

Pressure cells
To my knowledge, it was Mann & Mackenzie (1990)
who introduced the concept of "pressure cells". They
defined a pressure cell as "a part of a layer within which
fluids can flow and equalize excess pressures (or overpressures). The fluids of all rocks within the cell are
maintained at a nearly constant overpressure". Powley
(1990), Hunt (1990) and others use the term "pressure
compartment" to illustrate how different volumes of
rock "that are not in hydraulic pressure communication
with each other nor with the overlying hydrodynamic
regime" may be completely "sealed on all sides from
each other"(Hunt 1990). Hunt (1990) further states
that the pressure-depth gradient inside a compartment
is determined by the density of the pore fluid, which
might imply a constant overpressure within each compartment. In this context, the definition of a pressure
cell and a pressure compartment is the same. However,
the restricted definition of a pressure compartment to
exclude flow of fluids between the compartments, even
at capillary levels, has received some negative comments from several authors. In a comment to Hunt’s
(1990) paper, Tóth et al. (1991) underline that as a
consequence of modern concepts of fluid dynamics, the
pressure patterns around a pressure compartment "can
be, and are, produced by flow of formation fluids
through a stratified, but hydraulically continuous, rock
framework". They thus reject the model of existence of
impervious strata between pressure compartments, as
proposed by Powley and Hunt. More recent work by
Neuzil (1995) also argued that the low permeabilities
necessary to preserve abnormal pressures over significant spans of geologic time seems not to be supported

Fig. 8. Overpressure versus depth plot showing values for identified
pressure cells with apices attached.

many wells in different locations and fields from
mainly the eastern part of the Halten Terrace. The
resolution given by this figure indicates that this trend
consists of two vertical sub-trends, one that consists of
data with 0 to 5 bars overpressure, and one with
approximately 10 to 20 bars overpressure. The first of
these sub-trends is formed by a dataset that represents
reservoirs with almost hydrostatic pressure. Their
upper termination (apex) will thus likely be at the
surface. Since the reservoirs along this trend have zero
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Fig. 9. Principle of the relationship between the constant overpressure in a pressure cell and the overpressure- gradient in the basin shale. Below
the pressure balance level there will be a flow of water from the shale to the pressure cell. The same amount of water will be expelled from the cell
above the balance level.

overpressure, they must be continuous or interconnected,
and also have high enough permeability to level out any
internal pressure differences that may occur within a
very short geological period of time. These reservoirs
must therefore be aquifers in groundwater hydrologist
terminology (Fetter 1995). All these sandstones are
grouped together as one open pressure cell.
The other sub-trend with overpressures between 10 and
20 bars contains data from reservoirs in several wells
that have a common apex in the Heidrun Field area at
approximately 2200m below the surface. Its depth
range in the figure covers approximately 2000m, but is
probably much more important than this as the reservoirs seem to be continuous and not broken by major
faults for another 1000m down-dip.
If we look further down along the regional shale-gradient,
other Jurassic sandstone reservoirs appear to have
constant overpressure over a varying, but often important, depth-range and thus form closed pressure cells.
The Kristin Field is a good example of this behaviour:
The plot includes 3 wells from this field, and the combined data of constant overpressure in the wells covers a
depth range of nearly 1000m. In this case the apex of
the cell is the same as the structurally highest point
(4600m) in the field. Clearly, the reservoirs in this cell
must be continuous aquifers that are in open pressure
communication. In order to maintain the pressure

balance between the reservoir units, it must be possible
for significant amounts of water to be transmitted
through the shale that separates the sandstones in a
relatively short time. This can possibly happen if the
shale is broken by faults or fractures that stay open
periodically or permanently.
It turns out that the reservoirs with constant overpressure often have their shallowest position around 200m
shallower than the regional overpressure-gradient. The
values of constant overpressure in the cells extend into
the C-area. If including the position of the apex of each
individual pressure cell to the plot (red squares in Fig.
8), an interesting relationship appears. The picked
apices seem to follow a trend that is sub-parallel to and
well above the regional overpressure-gradient. Note in
particular the small spread around the linear-fit equation (2) (appendix) for the apex-values (R2=0,9952). In
the following this trend will be called the apex-trend
and the fit-equation the observed apex-gradient.

A model for the distribution of overpressures in sandstone-reservoirs
While the above results were encouraging, they had to
be viewed in a preliminary sense, as the alignment of
apex-values could be merely accidental. The data

NORWEGIAN JOURNAL OF GEOLOGY

Determination of overpressures

11

Fig. 10. Cross-section through a dipping sandstone body (pressure cell), and the position of the adjacent shale units relative to this body. Arrows
indicate the flow of water inside and around the pressure cell.

sparseness indicates that a statistical approach would
probably not work. A dynamic model is instead considered, which includes the movements of fluids between
shale and a reservoir in response to the marked
difference in overpressure between these two rock
types. The model is restricted to one-dimensional,
steady state water flow. This means that the pressure
conditions do not change with time. There is thus no
compaction of the shale. The model takes into account
the dependence of water viscosity on temperature. The
density of water as a function of temperature and
pressure is not accounted for. The change in porosity
and permeability as a function of depth is empirical.
The flow of water through the sediments is thought to
follow the pore network only and in a Darcy fashion,
omitting the possibility of flow in fractures.
The position of the pressure cells relative to the regional gradient of overpressure shows that all pressure
cells analysed here have an up-dip section where the
overpressure is higher and a down-dip section where
the overpressure is lower than it is in the surrounding
shale. As the overpressure difference between the cell
and the shale increases away from the "pressure balance
level" (i.e. the depth where the reservoir and the shale

pressures are equal), this difference will have a negative
maximum at the base of the cell and a positive
maximum at the apex of the cell (Fig. 9).
Several authors have suggested that lateral transfer of
water in inclined sandstones, which are embedded in
shale, will increase the pore pressure in their up-dip
end (England et al. 1987; Mann & Mackenzie 1990;
Darby et al.1998; Yardley & Swarbrick 2000; Swarbrick
2002). The hypothesis is that the pore pressure
difference between these two rock types in deep basin
areas will cause a flow of water from the shale to the
sandstone. This flow will increase the pore pressure in
the sandstone, and water will be transported laterally
and upwards along the sandstone bed in order to
balance the imposed pressure differences within the
pressure cell.
However, if water flows into the reservoir at depths
where the shale permeability is very low, there should
be equal or better opportunities for water to flow out of
the sandstone at the highly pressured up-dip end where
the shale permeability is many orders of magnitude
greater than in the basin-deep areas (Mann & Mackenzie
1990). Note that below the pressure balance level, the
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Fig. 11. Model showing the splitting of an adjacent shale unit into horizontal pipes of length L and cross-section A. This model forms the basis
for the calculations shown in Table 1.

permeability and the pressure difference will counteract each other (the higher the pressure difference, the
lower the permeability), whereas above the pressure
balance level these two parameters act in parallel.
Hence at the apex of the pressure cell the outward
directed flow of water through a unit cross-sectional
area would also be at a maximum.
Following the principle of conservation of mass, the
inward directed flow of water below the pressure
balance level must equal the outward directed flow
above this level. This is necessary in order to maintain a
constant pressure in the reservoir. In sandstone that is
intercalated in shale, the sandstone will receive water
through its lower surface from the shale below, and
through its upper surface from the shale above. These
water movements will perturb the regional shale
overpressure gradient, which is directed upwards, into
local gradients, which are deviated towards the sandstone bodies (Glezen & Lerche 1985). This behaviour is
illustrated in Fig. 10 where L is the distance from where
the gradient in the shale commences its deviation
towards the sandstone. It is the pressure drop along this
deviated gradient that will cause water to flow between
the shale and the sandstone. The line linking the commencement of the different L is in this paper called the

"pressure gradient deviation line". It will be unique for
each pressure cell, starting at the pressure balance level
(where L=0) and departing from this point towards
shallower and deeper depths, most probably as a function of the pressure difference between the shale and
the pressure cell. In the real world there is probably no
such sharp boundary, as the deviation of the gradient
will be a gradual process. However, the introduction of
this line is useful for modelling purposes and may be
looked upon as an approach to describe the pressure
conditions around the pressure cell.
Fluid flow in porous rocks such as shale may be estimated
by the use of the Darcy formula (Smith 1971). In the
Darcy formula for horizontal one-dimensional flow,
the flow of water may be expressed as:
kA dP
Q = ––––––
µL

(3)

where Q is the volume of flow in unit time, k is the
permeability of the shale, A is the gross-sectional area
normal to the flow, µ is the viscosity of water, dP is the
difference in overpressure between the reservoir and
the undisturbed regional shale gradient, and L is the
length of shale traversed. For the sake of simplicity,
assume that a reservoir bed is standing vertically and
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Fig. 12. To the left is shown three pressure gradient deviation lines around the pressure balance level at 3580m. The number in the line names
(L1, L2 and L6) denotes the gradient (bar/m) between the deviation line and the cell. To the right is shown the fluid flow for each deviation line.

that the flow of water runs perpendicularly to the
bedding surface, i.e. a horizontal flow. For calculation
purposes, the shale, which is in direct contact with the
reservoir, was divided into horizontal pipes of unit
cross-section, A, and length, L, which is a function of
position along the pressure cell (Fig. 11). Since we do
not know the laws that govern L, the choice of a
pressure gradient deviation line is open for speculation.
The simplest approach would be to consider the
pressure gradient, dP/L, between the deviation line and
the pressure cell, as being constant. This is probably
also the most realistic approach since it entails a flow that
is more or less perpendicular to the bedding planes
(Chapman 1981). Fig. 12a shows the deviation line for
three different pressure gradients following this principle.
The permeability that enters into the formula was based
upon a modified Dutta (1987) equation (4) (appendix)
and the porosity was taken from a porosity/depth
equation (7) (appendix), which I have generated for the
Melke Formation in the Haltenbanken area based upon
deflections on the density log (Fig. 13a). This equation
has the advantage of being constructed from a single

shale unit, which is in direct contact with most of the
investigated sandstones in the area. The viscosity of
water (equation (8), appendix) was taken from a table
in the "American Institute of Physics Handbook"
(1957). Since viscosity is temperature dependant, there
is also a need for a temperature/depth curve. The one
that is presented in Fig. 13b (equation (9), appendix) is
based upon test temperatures from wells in the Haltenbanken area. Also given in the figure (Fig. 13c) are the
LOP-values (minus hydrostatic pressure) and a fitequation (10) (appendix). The model calculations have
been executed on a spreadsheet.
As an example, consider a sandstone bed of rectangular
form (unit width) and with a constant overpressure of
200 bars that extends from a depth of 5000m and
upward (Fig. 11). We wish to know where the sandstone
will have its culmination or apex. If the regional
pressure-gradient is as above, we find that the vertical
line of constant overpressure for the sandstone bed
must cross the regional pressure-gradient at the pressure balance level of around 3580m. As previously
discussed, the apex of the sandstone bed will be
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Fig. 13. To the left (A) is a porosity versus depth plot for shale in the Melke Formation. The porosities have been calculated from the density log.
In the middle (B) is a temperature versus depth plot based upon DST-temperatures. To the right (C) is a LOP versus depth plot. The hydrostatic
pressure has been subtracted from the LOP-values. In all three plots is the best fit-function (see appendix) also shown.

somewhere above this depth. By entering the depthcontrolled parameters into the Darcy formula, the
amount of water that is expelled from the shale
through each unit pipe from 5000m up to the pressure
balance level at 3580m is found. Then the amount of
water that is expelled from the sandstone through the
unit pipes, from the balance level and shallower, is
calculated and summed incrementally. When the
amount of water that has been expelled from the sandstone above the pressure balance level coincides with
the amount that it has received from the shale below
this level (Table 1), the overall balance has been found
(equation (11), appendix). The calculated depth to the
top of the last unit pipe will then be the apex of the
sandstone bed. In this case the apex was found at a
depth of 3250m. Fig. 12b shows the flow of water in
and out of the sandstone, and also how this flow varies
as a function of depth and deviation line. The surface
area enclosed by the curves below the pressure balance
level will be equal to the surface area above this level.
Following this procedure for different cells at different
overpressures and combining the apices found by a
second order polynomial-fit equation (12) (appendix),
we end up with the correlation curve shown in Fig. 14.
This curve has been called the theoretical apex-gradient.
The good correspondence between this curve and the

observed apex-gradient, which is an average of the apices
of the individual pressure cells in the Haltenbanken
area, indicates a close genetic relationship between the
regional pressure in the shale column and the overpressures in the sandstone cells. It thus seems that knowledge of the regional overpressure gradient in shale
could form the basis for an estimate of the overpressures
in pressure cells provided we have access to the apexdepth of the cells.
In the modelling, the fact that there will be transport of
water through the sandstone is neglected. This transport
will need energy and this energy will be taken from the
water that flows into the sandstone. However, general
reservoir permeability is so high that any incoming
volume of water at the base of the reservoir will lead to
an instantaneous vertical equilibrium of the reservoir
pressure. This means that the kinetic energy of the reservoir water is close to zero and that it can be neglected.
Since no porosity data is available deeper than 5000m,
this depth is used as the lower limit for the modelling.
Accordingly, the rocks below this depth are considered
impermeable in this model. However, the rate of flow
into sandstones below this depth is so small that it does
not significantly impact the modelling results. For
instance, the flow into a sandstone bed below 5000m
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part of the total shale in the basin. During the compaction, overpressures are developed in the basin shale as a
function of a complex interaction between shale
permeability, sediment load, thickness of sediments,
tectonic stress, hydrocarbon generation, diagenesis,
time etc. Water is then expelled towards the surface or
towards pressure cells that are interbedded within the
shale. The adjacent shale, on the other hand, may serve
as a transport medium for the water-flow in and out of
the cell, and the flow will be more or less perpendicular
to the bedding planes (Chapman 1981). These two
shale systems may therefore serve different purposes.
The quantity of water that flows through the adjacent
shale depends upon its permeability and the pressure
difference between the basin shale and the pressure cell.
We may thus define the adjacent shale as the shale unit
across which there is a fluid potential gradient that
moves water to or from the pressure cell. Consequently,
it is the permeability of the adjacent shale that enters
into the Darcy formula when calculating the fluid flow.

Fig. 14. Comparison of observed (red squares) and predicted (fitfunction) overpressures at the apex of identified pressure cells. Note
in particular the excellent fit between the observed apex-gradient
(linear-fit function) and the theoretical apex-gradient (calculated
from the regional shale-gradient) between 2500m and 4500m. The
formulas for the fit-functions are given in the appendix.

over a depth range of 25m, correspond to the outwards
directed flow from the same sandstone over a depth
range of only one meter near the apex at 3250m. This is
based upon the assumption that the overpressure is 200
bars and that the permeability is kept at a constant level
below 5000m. However, a possible flow of water from
below 5000m may influence the fluid-flow balance in
pressure cells that have their apices immediately above
the 5000m-depth limit. We should bear this deviation
in mind when calculating the theoretical apex-gradient
in this interval.
The main limiting factor in the application of the
model is the shale permeability, as it will normally be a
challenge to measure this with sufficient accuracy.
Moreover, since in the course of a basin life there would
frequently be deposited shale units with very different
physical characteristics, we may be faced with the
problem of how to establish permeability functions for
the different shale units and how to apply these functions
in the modelling. However, in establishing the model
for the Haltenbanken area, I simplified the problem by
considering the shale as composed of two different
units - the basin shale and the adjacent shale. The adjacent
shale (Fig. 10) is the shale unit that is in direct contact
with the pressure cell. The basin shale is the remaining

Examples of adjacent shale are transgressive marine
shale deposited on the upper boundary of sand-prone
parasequences, or regressive offshore shale immediately
below the sandstones in beach or deltaic environments.
Being deposited in sedimentological environments
with little or no lateral variation, the mineralogical
composition and other physical properties of such
shale units may be relatively constant or have a regular
area and depth related variation. I have therefore
chosen to use a single permeability versus porosity
function as input to solve the Darcy formula for fluid
transport through this shale.
Since all terms in the flow equation include the shale
permeability, multiplication of the permeability function with an arbitrary constant will not change the
overall balance of the equation. This means that the
same result would be obtained with varying permeabilities as long as the gradient remained the same. The
conclusion must therefore be that this study more or
less confirms the permeability gradient in the modified
Dutta formula (see "Sensitivity"), which here applies to
the Melke Formation, whereas the absolute permeability values in the function remain undecided. We may,
however, use the permeability gradient to our advantage. If we knew, from laboratory measurements, the
absolute permeability at a specified depth, we could in
theory calculate the permeability of the Melke Formation at any depth. We should, however, be aware that
since the Darcy formula calculates the flow of water
across a certain length, L, the permeability would be
correctly calculated only if it remained constant
throughout this length. While this situation is probably
rarely met, care should be taken when using this method in establishing the permeability of shale. The calculation could, however, give us the order of magnitude
of the permeability at a specified depth.
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Table 1. Model parameters for estimation of fluid-flow in and out of a sandstone reservoir
Depth
(meter)

Pres. diff. (bar)
between sst.
and shale

L
(meter)

Porosity
(fraction)

Permeability
(m2)

Temperature
(˚C)

Viscosity
(cP)

Fluid-flow
calculated
(m3/Ma)

3260
3300
3340
3380
3420
3460
3500
3540

54
47
41
34
28
21
14
7

27
24
20
17
14
10
7
4

0,12
0,11
0,11
0,11
0,11
0,10
0,10
0,10

4,18E-021
3,81E-021
3,48E-021
3,17E-021
2,89E-021
2,63E-021
2,40E-021
2,18E-021

114
116
117
118
120
121
123
124

0,2534
0,2502
0,2470
0,2440
0,2409
0,2380
0,2351
0,2323

104
96
89
82
76
70
64
59

3580

0

0

0,09

1,99E-021

125

0,2295

0

-7
-14
-22
-29
-37
-44
-52
-60

4
7
11
15
18
22
26
30

0,09
0,09
0,09
0,09
0,08
0,08
0,08
0,08

1,81E-021
1,65E-021
1,50E-021
1,36E-021
1,24E-021
1,13E-021
1,03E-021
9,37E-022

127
128
130
131
132
134
135
137

0,2267
0,2241
0,2214
0,2189
0,2163
0,2138
0,2114
0,2090

-50
-46
-43
-39
-36
-33
-31
-28
-309

3620
3660
3700
3740
3780
3820
3860
3900
3940-5000

Sum
fluid-flow
Out
In

580,5

Pbl

-616,6

This table is a simplified representation of the modelling using a depth interval of 40m. The depth to the top of the uppermost pipe (3260m)
is taken as the apex-depth. Note that this depth is somewhat deeper than the depth (3250m) given in the text where a modelling interval of
1m was used. The overpressure in the pressure cell is 200 bar.

Table 1 also gives the volume of water that leaks
through each square metre of shale in a million years.
This volume would change as a function of the pressure
gradient between the deviation line and the pressure
cell (Fig. 12). Moreover, since the drop in overpressure
between the shale and the sandstone probably should
have been expressed by an exponential function, the
calculation given above is an oversimplification of the
real world. Still the relative contributions of water that
either enters or leaves the reservoir at different depths
may throw some light on the interaction between
transport of dissolved mass and diagenetic reactions in
the sediments (Bjørlykke 1994).
To investigate all adjacent shale units that were in contact
with reservoirs in Haltenbanken would have been a
major task. The focus has therefore been on the Melke
Formation, which controls the inward and outward
flow across the upper boundary of the Garn Formation.
The Melke Formation being uniformly deposited in a
mainly upper bathyal environment (pers. com. Mike
Charnock), there is reason to believe that the lithology
of this particular and important part of the shale
succession in Haltenbanken would be laterally continuous throughout the area. This focus on the Melke
Formation means that the water flow contributions
from other shale units within the Garn Formation have
been ignored. Fortunately, however, and as explained
above, the fluid-flow modelling will obviously be influ-

enced only in the case when the permeability gradients
within the two shale units are different. In any case, in
the absence of knowledge of the physical characteristics
of the other adjacent shale units at Haltenbanken, these
units have not been included in the modelling.
In the above modelling, it was assumed that the areacontact between the sandstone and the shale is the same
for all depths. Generally this is not correct, as the lateral
extent (geometrical form) of sandstone units will vary
with depth. Shown in Fig. 15 is how apex depths of four
generalized sandstone bodies, with both identical
surface area and overpressure (100 bars), are related to
each other. The triangular sandstone bodies may represent fan deposits or be positioned in an area between a
conjugate set of sealing faults. The base of the triangles
is half their heights (1200m and 2400m). The feeder
channel in the channel-to-fan deposit has a width of
35m and a height of 1000m. Please note that the depth
to the base of the two triangles to the right has not been
arbitrarily set. Their depths are a consequence of the
chosen surface area, geometric form and overpressure.
Had for instance their position in the basin been
changed, their overpressures would also have changed.
Fig. 16 shows another situation in which the apex of
several pressure cells is given the same depth. The cell
in the middle represents the "normal" case of a rectangular body of sandstone that extends from a depth of
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Fig. 15. Diagram
showing the depth
to the apex of pressure cells with
identical surface
area and overpressure as a function
of the geometry of
the cell body.

Fig. 16. Diagram showing the overpressure in pressure cells with the same depth to their apices as a function of their depth range and geometric form.
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5000m to the apex-gradient. Its position in the plot
corresponds to an overpressure of 100 bars and its apex
to a depth of 2580m. To the left in Fig. 16, the resulting
overpressures are shown for the modelling of 9
different cells with similar apices, but varied bases. The
intersection of the constant depth-line with the
regional pressure gradient gives the minimum overpressure (58 bars) that a sandstone bed with an apexdepth of 2580m can have. To the right in the figure is
given the overpressure that a triangular body of sandstone (normal fan) will have if it extends from a depth
of 5000m and up to 2580m. The modelled pressures for
the different sandstone bodies, with apices along this
constant depth-line, vary between 58 bars and 144 bars.
In theory, the pressure could reach up to the LOP (leak
off pressure)-gradient, which at this depth is 225 bars.
This gives a possible span in pressure variation between
58 bars and 225 bars for a sandstone bed with an apexdepth of 2580m.
These considerations show that the theoretical apexgradient is fictitious and that it has no physical
meaning. It forms, however, the theoretical foundation
for the model presented as it conforms to the average of
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the field observations (=observed apex-gradient) in the
Haltenbanken area. In practice, both the theoreticaland the observed apex-gradient should be calculated, as
a correspondence between the two may strengthen the
applicability of the model in the area investigated. In
addition comes, as a bonus, the possibility of establishing a permeability gradient for the adjacent shale.

Sensitivity
The physical assumptions that have gone into the
modelling are that there is a vertical overpressure
gradient in the shale that increases almost linearly with
depth below 2000m, the pressure cells are aquifers
displaying constant overpressure and the flow of water
in the system is represented by steady state conditions.
In the modelling it is further assumed that all water
movements are horizontal and that the flow in and out
of the pressure cells is through pipes of unit width and
where the pipes have been assigned a length, L, which
gives the same pressure gradient along their course.
This requirement has the interesting implication that

Fig. 17. Plots of selected permeability functions (a), and the model response to these gradients (b). The regional shale-gradient, the observed
apex-gradient and the theoretical apex-gradient are included for comparison.
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all deviation lines, which are based upon the principle
of a constant pressure gradient along L, will model
exactly the same apex-depth, but not the same fluidflow. For any depth the pressure gradient between two
neighbouring deviation lines and the pressure cell will
be respectively dP/L1=c1 and dP/L2=c2. Since dP is
constant for a specified depth, this means that
c1*L1=c2*L2 or L1/L2=c2/c1=C. This will be valid for
all depths since c1 and c2 are constants along the two
deviation lines. Thus, since L1=L2*C and all terms in
the flow equation include L, we may conclude (as for
the permeability function above) that the use of different deviation lines will not change the modelling
results related to the apex-depth of the pressure cell.
This behaviour has been verified by the modelling.
The three deviation lines showed in Fig 12a meet at the
pressure balance level where both L and dP are zero.
The pressure gradient is therefore undecided at this
point. For calculation purposes, this problem was circumvented by adding 0,1m to each L.
In the Darcy formula there are two other parameters
that need to be considered: the viscosity of water and
the permeability. Since we have good control on the
temperature gradient in the area, and the dependence
of viscosity on temperature is well known, this parameter
has been ignored. It was argued above that the absolute
permeability values have no influence on the modelling. Therefore, only the influence of the permeability
gradient on the modelling results needs to be considered.
Fig. 17a shows six different permeability gradients. In
order to ease the comparison, all gradients are assigned
the same absolute value at the surface. Three of the
gradients have been taken from the literature (Dutta
1987 (4), England et al. 1987 (5) and Luo & Vasseur
1992 (6) (appendix)) and three are modifications of the
Dutta gradient. The number in the different Dutta
gradients refers to the value of the exponent in the
Dutta formula (4).
Fig. 17b shows plots of the overpressures versus depth
for five different models. The Dutta 3,3 permeability
function was used as a basis for estimation of the apex
fit-function. This figure also illustrates how the
permeability gradient in the adjacent shale is controlling the overpressure in the pressure cells. For instance
at 3200m the choice of the most extreme gradients,
represented by the England et al. and the Dutta 3 (D3)
equations, give differences of around 40 bars overpressure in the pressure cell. If the overpressure in the pressure cell is 200 bars, the use of these two permeability
equations will give a depth to the apex of the pressure
cell of 3430m and 3210m respectively. We also see from
the figure that the model results of the Dutta 7 and the
England et al. fall more or less on top of each other
(Fig. 17b) despite the differences in absolute permeability values (Fig. 17a). The reason for this general agree-
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ment in model results is the parallelism of the two gradients over most of the depth range. The same can be
seen when comparing the results based upon the Dutta
5 and the Luo & Vasseur gradients, which run close
together in Fig. 17a.
On the other hand, there is a substantial difference between the results based upon the Dutta 3 and the Luo &
Vasseur gradients. The Dutta 3 gradient shows relatively higher permeabilities than the Luo & Vasseur gradient below 2000m whereas above this depth the two
gradients are superimposed. If we now in theory place
the pressure balance level for a certain pressure cell at
2000m, we see that the Dutta 3 gradient will cause more
water to flow into the cell below this depth than the Luo
& Vasseur gradient. Above this depth the capacity for
transporting water out of the cell will be approximately
the same for the two gradients. If we use the Luo &
Vasseur gradient as reference, we may say that, in the
case of the Dutta 3 gradient, there will be more water
flowing into the cell below 2000m than the cell can
accommodate. In order to eliminate this surplus water
the pressure in the cell must increase. This pressure
increase will have a twofold effect: there will be an
increase in the flow of water out of the cell above the
pressure balance depth and at the same time a reduction in the flow of water into the cell below this depth.
A balance between the flow of water that enters and leaves the cell has been established when the pressure is
that shown in Fig. 17b.

Water movement
reservoirs

through

HC-filled

An important point to consider is the effect that hydrocarbons may have on the flow of water into and out of a
pressure cell. A logical consequence of the model
presented in this paper is that the water flow out of a
reservoir that is filled with hydrocarbons should not be
effective above the hydrocarbon/water contact. It would
then be the hydrocarbon/water contact that should plot
at the apex gradient and not the apex of the pressure
cell. However, in all cases investigated here, it is the
apex of the pressure cell that plots along the apexgradient regardless of there are hydrocarbons in the
reservoir or not (Fig. 18). The consequence of this
observation is that, in the hydrocarbon-bearing zone,
there must be an outward directed water flow to
balance some or all of the incoming flow of fluids
below the pressure balance level. An important question then is why (and how) hydrocarbons in the pores
allow water to be transported through (?) and beyond
the hydrocarbon filled area?
Bjørkum et al. (1998) presented an interesting hypothesis
that water may be transported from the water leg into
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the seal via a continuous water phase that extends
through the hydrocarbon filled parts of the reservoir.
This continuous water phase, which exists only in
water-wet rocks, is formed by the grain-coating thin
films of water and the water in micro-pores which,
because of capillary forces, are inaccessible to oil influx.
According to Bjørkum et al. the pressure gradient
inside the water-phase will also be continuous without
any abrupt transitions. Clayton (1999) objected to the
hypothesis on grounds that the water phase would not
be continuous and therefore not mobile. In a reply,
Bjørkum et al. (1999a) maintained that the water-phase
had to be continuous, as otherwise hydrocarbon containing reservoirs would show much higher resistivities
than what is normally found. In a reply (Bjørkum et al.
1999b) to Rodgers (1999) they also investigated the size
of the dynamic pressure gradient (=overpressure gradient) of the water phase inside the reservoir and concluded that this was only of the order of 0.01bar/100m.
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or both fluids. Their (Teige et al. 2005) conclusion was:
"The experiment showed that oil was kept in place by
capillary forces while water flowed through the core and
the membrane. Accordingly, residual water can move
through sandstones that are saturated to Swi." They
underline, however, that their conclusion is valid for
the high-permeability sample used in their experiment
only.
The hypothesis forwarded by Bjørkum et al. (1998,
1999a, 1999b) and the laboratory-results of Teige et al.
(2005) give support to the conclusions reached in the
present paper concerning the flow of water through
reservoirs that are filled with hydrocarbons. Their work
also explains how this flow of water takes place. Another
important conclusion that can be drawn from the
deliberations of Bjørkum et al. (1998, 1999a, 1999b) is
that the overpressure in the water phase remains more
or less constant through the hydrocarbon-filled area.
The overpressure in the water phase at the apex of a
pressure cell with hydrocarbons is therefore a measure
of what the pressure would have been if the cell were
100% water bearing, which is also the conclusion that
can be drawn from the plot in Fig. 18. One should bear
in mind, however, that the pressure within for instance
a gaseous hydrocarbon phase at the apex of a cell would
normally be much higher than this.

Overpressures and shale porosity

Fig. 18. This plot illustrates the uneven distribution of the hydrocarbon-water contacts compared to the well-aligned apices. Observe
that many of the hydrocarbon-water contacts are situated below the
regional shale-gradient.

In a forthcoming paper, Teige et al. (2005) investigate
the Bjørkum et al. hypothesis from a more practical
point of view. In a laboratory test they applied a
pressure differential across a high-permeability core
sample that was saturated with oil to irreducible water
saturation (Swi). The objective was to see whether a
low-permeability and water-wet membrane, which was
inserted at the outlet of the sample, would transmit any

In many Haltenbanken papers, emphasis has been put
on the lack of a clear relationship between overpressures
and abnormally high shale porosity (Hermanrud et al.
1998; Skar et al. 1999; Teige et al. 1999; Van Balen &
Skar 2000). The idea behind such an expected relationship is that there must be a correspondence between
the overpressure in a sandstone bed and in the shale in
which it is embedded. Consequently, if a sandstone bed
is over pressured, then the surrounding shale sequence
must be over pressured also. And since high overpressure, according to these authors, is a function mainly of
under-compaction, high-pressured shale should be
expressed by higher porosities than in "normally compacted shale" with lower overpressure. However, this
seems not to be the case. The presence of the regional
gradient of overpressure in the Haltenbanken area indicates that the pressure condition in shale is mainly a
function of depth (and stratigraphy) irrespective of the
pressure in any intercalated sandstone. The observation
made by the above-cited authors appears therefore to
be correct. There is no difference in the shale porosity
at a specific depth being in contact with sandstones of
varying overpressure. This may possibly be taken as an
argument in favour of the fluid-flow model presented
here. Conversely, the argument that "normal shale
porosity" in combination with high overpressure in
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Fig. 19. This is an east-west cross section through the Smørbukk Field and the dry western segment (Smørbukk West) of this faulted anticline.
The overpressures, which are written inside the sandstone bodies, show that there must be a considerable pressure gradient across the fault. The
regional overpressure-gradient is shown on the right side. On the west side of the fault there is a match between the sandstone pressure and the
regional-gradient at a depth of around 4300m (pressure balance level). The model predicts that there will be a flow of fluids from the shale to
the sandstones below this level, and a reversal of the flow direction above this level. On the Smørbukk side of the fault, the important pressure
difference between the sandstones and this regional gradient indicates that there must be a flow of fluids from the shale to the sandstones all
along their contacts.

embedded sandstone must mean that the overpressure
was built up recently is not supported according to this
model.
I would in this context like to question the expression
"normally compacted shale". All shale in a basin would
"normally" be in one or another state of compaction as
a function of depth and burial history. Burial history
encompasses periods and type of deposition, sedimentation rate and type of sediment in each period, periods
of uplift and erosion, heat-flow and tectonic forces etc.
that affect the basin. What is normal in one basin could
then be abnormal in another basin. The only "normal"
condition that could be used as a kind of a universal
reference would be the case when the pressure in the
shale is hydrostatic. This situation is probably only met
in very old basins that have not received any sediment in
the last 100 million years or so. The use of the expression, "normally compacted shale", should therefore be
used with care and preferably be limited to the formation(s) and area(s) from where it has been defined.

An example of adjoining pressure cells
with different apices
Fig. 19 shows a simplified E-W cross-section, which
runs approximately across the structural culmination
of the Smørbukk Field on Haltenbanken (HC-fill is
from Ehrenberg et al.1992). The field, which contains
gas/condensate and is situated east of the fault, is built
up of several bodies of sandstone with overpressures in
the water zones decreasing from 60 bars in the uppermost body to 45, 30 and 25 bars in more deep-seated
bodies. The sandstones west of the fault are dry, and
here the overpressure is 345 bars. There is thus a
considerable pressure difference across the fault zone,
which must be considered sealing. This means that the
hydrocarbon-filled reservoir in the Smørbukk Field has
at least 4 pressure cells, whereas the water-filled
sandstones in Smørbukk West is likely a part of one
single cell unit.
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The right figure scale gives the regional overpressure
for the shale. The overpressure in the sandstones in
Smørbukk West will match this overpressure at the
pressure balance level of 4275m. Below this depth, the
shale overpressure is higher than in the sandstone, and
therefore the sandstone will probably receive water
from the shale. Above the pressure balance level, the
situation is the opposite. This means that inside the
sandstone, the principal direction of flow will be
upwards. Since the depth to the top of the uppermost
sandstone body in the Smørbukk West structure plots
at the apex trend (Fig. 8), this depth has been taken as
the apex of the pressure cell.
On the Smørbukk Field side of the fault, the regional

Fig. 20. Simplified structural contour map of the top
Jurassic seismic reflector
covering the area between
the Smørbukk and the
Heidrun HC-discoveries.
The line B-B* gives the
approximate location of
the cross section in Fig. 21.
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overpressure gradient implies that the overpressure in
the shale will always be higher than it is in the reservoirs for the depths shown in Fig. 19. In accordance
with the model formulated in this paper, the 4 pressure
cells (sandstones) must therefore extend to and have
their pressure balance levels and apex positions at
shallower depths than the depth interval given in the
figure. This further implies that the sandstones in the
Smørbukk Field will receive water from the shale all
along their contacts. This will set up a downward directed
flow of water inside the sandstones. The water will be
transmitted laterally through the sandstones towards
the apices of the cells, which because of the structural
configuration of the area probably are situated somewhere on the west/north-western flank of the Heidrun

NORWEGIAN JOURNAL OF GEOLOGY

Determination of overpressures

23

Fig. 21. The cross section (left) shows the eastward extent of the reservoirs in the Smørbukk Field (Fig. 19) and their likely up-dip termination
towards the Heidrun uplift. The fluid-flow model presented here predicts that the reservoirs will terminate (pinch-out) at depths, which are a function of their overpressures. The correspondence between the pinch-out depths, apex-gradient and overpressures is shown in the upper right-hand
corner of the cross section. The diagram to the right gives the fluid-flow budget through the upper reservoir unit (60 bars overpressure) in the Smørbukk Field. An enlarged version of the fluid-flow budget through the same unit in the Smørbukk West structure is inserted for comparison.

structural culmination (Fig. 20 and 21). As the Late
Jurassic erosion truncates the sandstone beds one by
one in an up-dip direction towards this culmination,
there will be a successive deepening of the apices for
progressively younger sediments. Since the apices are
found at different depths, their overpressures will,
according to the model presented here, also be different. A projection of these apices on to the regional
gradient of overpressure will thus give us the same
distribution of overpressures as seen in the Smørbukk
field (Fig. 21).
The west/north-western flank of the Heidrun area is a
structurally very complex and intensely faulted area,
which makes seismic interpretation difficult and at
times impossible. The cross-section shown in Fig. 21 is
therefore only meant to illustrate in a simplified way that
the pressure cells must terminate up-dip as a function of
their overpressures. The spatial arrangement of the apices shown is probably much more complex than this.
The interpretation presented here implies that the pressure compartmentalization (4 pressure cells) owes its
presence to a normal fluid-flow balance between shale
(and fault?) separated reservoirs with different depths
to their apices. This is an alternative explanation to the
one suggested by Olstad et al. (1997), who considered
the pressure differences to be a result of diagenesis.

Applications of the model
The model presented here has been developed for the
Haltenbanken area, but would probably work in other
basins as well. It should be stressed, however, that the
modelling and interpretations at Haltenbanken have
been eased by the existence of only one regional shalegradient, which displays an almost linear appearance.
For instance in the northern Viking Graben there
appear to be at least two different gradients. Solving the
spatial relationship between these gradients is required
before the model can be used in this basin.

Pre-drill applications
The modelling presented here assumes that the depth
to the apex of pressure cells with different overpressures
follows a gradient (apex-gradient) that display an
increasing overpressure with depth. When this gradient
has been made, the overpressure at the apex of any
pressure cell in the area where the gradient has been
defined can be determined. The apex-gradient can be
generated in either of two ways.
1. Observed apex-gradient: Based upon the experience
from the Haltenbanken area, it is relatively straightforward to construct this gradient directly. In addition to
pore pressure, access to a structural depth map or other
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information that gives the depth to the apex of as many
reservoir sequences as possible is needed.
2. Theoretical apex-gradient: If you are not in the
possession of enough information to construct the
apex-gradient with confidence, then you may start by
constructing a shale-gradient and then calculate a
theoretical apex-gradient following the procedure
given in Table 1.
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Post-drill applications

mine the depth to the apices of individual reservoirs. If
the sequence consists of several sandstone bodies, the
overpressures within the sandstones may vary. In the
case that some overpressures are identical (see layer b
and c in Fig. 22), this will most commonly be interpreted
as indication of an open pressure communication
(instantaneous fluid flow) between the different sandstone bodies displaying this overpressure. According to
the model presented here, this does not have to be the
case, as all sandstone bodies with a common apex depth,
geographical extent and a similar depth range, will have
similar overpressures independently of whether they are
in open pressure-communication or not. This knowledge may be of importance for the reservoir engineers
when planning a production model for a discovery.
However, other possibilities may be interpreted (Fig. 22).
For instance, when the reservoir sequence is cut by a
fault, and provided that the fault and the inter-bedded
shale are sealing, the overpressure in the sandstones (d
and e) will increase with depth as the depth of their apices increases. This model may also explain why shallow
truncated or onlapping sandstones (a) may have higher
overpressures than more deep-seated, truncated sandstones (b and c) due to deeper apices.

After the completion of a well, detailed knowledge about
the pore pressure distribution within the reservoir
sequence is available. It would then be possible to deter-

If there are hydrocarbons in the reservoirs, the model
may give information about the up-dip potential (height

When constructing the shale-gradient, it is important
to have access to pore pressure data from sandstones of
limited extent that are encased in shale. These data may
often be hard to find because oil companies have paid
little attention to the pressure development in thin and
non-persistent sandstones, with little or no petroleum
potential. Over the last decade or so this has improved
considerably probably because of the increased focus
upon drilling hazards and new government regulations.
But even in a fairly new oil province such as the Norwegian offshore area, it is hard to put together enough
pore pressure information to construct this gradient.

Fig. 22. Diagram of the overpressure distribution in a tilted fault-block as a function of the depth to the apex of individual sandstone reservoirs
(pressure cells). Note that the overpressure in the uppermost sandstone (a) in the well will be greater than it is in the more deep seated sandstones, b
and c, due to differences in depth to their apices.
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of the HC-column; layer d in Fig. 22) in reservoirs with
an established hydrocarbon content. There may also be
situations when there are doubts about the real position
of the apex: for instance whether an up-dip fault is sealing or not (layer e in Fig. 22). In this case the interpretation is that the fault is not sealing.

Discussion and conclusion
The model for generation of overpressures in sandstones
(pressure cells) outlined in this paper rests on the determination of a regional gradient of overpressure in shale
of the Haltenbanken area and on the supposed exchange
of water between the shale and sandstones encased in the
shale. Water that is received from the shale below the
pressure balance level in inclined sandstones will be
transported up along the sandstones and expelled from
these above the same level. The exchange of water has
been modelled by the help of the Darcy formula for
horizontal flow based upon the principle of conservation
of mass: i.e. the flow of water into the pressure cell below
the pressure balance level is equal to the amount that leaves the cell above this level. By applying this concept and
calculating the flow into the cell from 5000m depths to
the pressure balance level, it is possible to estimate the
depth to the apex of the cell. The modelling performed
suggests that the apices of individual pressure cells will
see a continuous and almost linear increase in overpressures with depth which defines what has been called the
apex-gradient. Observations of the pressures at the apices of several pressure cells in the area conform very well
to this modelling. Consequently, sandstones with shallow-seated apices will have lower overpressures than
sandstones with more deep-seated apices provided their
bases are at comparable depths.
In the simple Darcy modelling, which formed the basis
for the theoretical apex-gradient, it was assumed that
the width of the pressure cells was the same for all
depths. It is, however, the surface area of the pressure
cell that controls the water flow into and out of the
sandstone. Therefore, for a precise assessment of the
depth to the apices of pressure cells, the surface area of
the cells should be estimated and used in the modelling. These considerations show that the theoretical
apex-gradient is fictitious and that it does not conform
to any situation that is likely to be met in the real world.
It may, however, be regarded as some sort of an average
of the observed apex-values and its construction may
also, in the early exploration phase, give some guide
lines about the position of the apices of pressure cells
when knowledge of such is not at hand.
It also follows from the above appraisal that the pore
pressure increase, caused by the lowering of the apices
of pressure cells, will reduce the pressure difference bet-
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ween the shale and the cell in the deeper parts of the
basin. There will be an accompanying lowering of the
pressure balance level, which will reduce the sandstone
surface area that receives water from the shale. Both of
these relationships suggest that the sandstone will
receive less water than before, which will lead to a
reduction in the water transport into and up along the
sandstone bed. Sandstones will thus transport less
water the deeper their apices are situated.
In the modelling, the use of a single permeability
function for shale necessitated the introduction of two
different shale units: the adjacent shale and the basin
shale. Overpressures that are developed in the basin
shale are transmitted to the pressure cell via the
adjacent shale, which is in direct contact with the
pressure cell. Since the adjacent shale would normally
be deposited in sedimentary environments with little or
no lateral variation, its physical characteristics including the permeability should be relatively easy to
define. The permeability function that enters into the
Darcy formula has thus been developed for the adjacent
shale. Furthermore, since all terms in the fluid-flow
equation include the shale permeability, it has been
demonstrated that it is not the absolute permeability but
rather the permeability gradient that controls the balance
between the flow of water that enters and leaves the
pressure cell. This also means that if we were capable of
determining the permeability of the adjacent shale at any
depth, we could in theory also calculate the permeability
of the shale at all other depths in the basin.
In all pressure cells analysed at Haltenbanken, it is the
apex that plots at the apex-trend and not the HC/water
contact whether the reservoirs contain hydrocarbons or
not. A consequence of this observation is that water is
able to move through the shale/sand interface also in
the hydrocarbon filled part of a reservoir. This means
that hydrocarbons at the apex of a pressure cell are not
capable of hindering the movement of water through
this part of the reservoir. This is a confirmation of
earlier work by Bjørkum et al. (1998, 1999a, 1999b) and
Teige et al. (2005) who came to the same conclusion.
The fluid-flow model presented here may be used as a
means of determining the pressure in a reservoir with
known apex, or if the pressure conditions are known, to
determine the depth to the apex. The model also allows us
to make pressure prognosis for appraisal or exploration
wells in mature basins. When duly calibrated, it may also
give the permeability-gradient of an adjacent shale unit.
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Appendix
* Polynomial-fit equation for the regional shale-gradient:
(1)
P = 21.34338 – 0.05385Z + 3.23265(10-5)Z 2
where P is overpressure (bar) and Z is depth (m) below
sea level.
* Linear-fit equation for overpressures in apex position
of pressure cells:
P = –360.41954 + 0.17418Z
(2)
* Permeability equations:
Dutta 1987:
k = 0.0034(θ/(1–θ))510-15

(4)

England et al. 1987:
k = 4(10-15)θ 8

(5)

c. Luo & Vasseur 1992:
k = 10-17 θ 5

(6)

where k is permeability (m2) and θ is porosity.
* Porosity equation from the Upper Jurassic Melke
Formation:
θ = 0.52574 – 1.79746(10-4)Z + 1.6586(10-8)Z 2
(7)
* The viscosity of water is given by the equation:
µ = 0.04355 + 1.3023e(–T/22.23) + 0.61219e(–T/102.95)

(8)

where e = 2.17828 is the universal constant and T is the
temperature given in equation (9). Pressure will also
have an effect on the viscosity. This effect is, however,
small and has been neglected here.
* Temperature gradient (C˚) determined from drill
stem tests:
7 Z
T = –––––––
200

(9)

* Polynomial-fit equation for the LOP-values:
LOP = –15.22253 + 0.07194Z + 8.24897Z 2 (10-6)

(10)

* Calculation of fluid flow through the horizontal unit
pipes around a pressure cell as a means of determining
the depth to the apex of the cell:
Z = pbl

∑

Z = 5000m

k(Z)A dP(Z) =
µ(Z)L

–––––––––––

Z=a

∑

Z = pbl + h

k(Z)A dP(Z)
µ(Z)L

–––––––––––

(11)

where Z is the depth (m) of each individual unit pipe,
µ is the viscosity of water, a is the depth (m) to the top
of the upper unit pipe (apex), pbl (m) is the pressure
balance level and h is the height (m) of each pipe. In the
calculations, which were executed on a spreadsheet,
10m were used as the height of individual pipes.

* Polynomial-fit equation for the theoretical apexgradient (Dutta 3.3-permeability):
(12)
P = –76.86218 + 0.00458Z + 2.4777Z 2 (10-5)

References
American Institute of Physics Handbook 1957: McGraw Hill Book
Company.
Barker, C. 1972: Aquathermal pressuring – role of temperature in
development of abnormal pressure zones. American Association of
Petroleum Geologists Bulletin 56, 2068-2071.
Bjørkum, P.A., Walderhaug, O. & Nadeau, P.H. 1998: Physical
constraints on hydrocarbon leakage and trapping revisited.
Petroleum Geoscience 4, 237-239.
Bjørkum, P.A., Walderhaug, O. & Nadeau, P.H. 1999a: Reply to
Clayton, C. 1999: Discussion: "Physical constraints on hydrocarbon leakage and trapping revisited" by Bjørkum, P.A. et al. 1998.
Petroleum Geoscience 5, 99-101.
Bjørkum, P.A., Walderhaug, O. & Nadeau, P.H. 1999b: Reply to
Rodgers, S. 1999: Discussion: "Physical constraints on hydrocarbon
leakage and trapping revisited" by Bjørkum, P.A. et al. 1998
–further aspects. Petroleum Geoscience 5, 421-423.
Bjørlykke, K. 1994: Fluid-flow processes and diagenesis in sedimentary basins. In: Parnell, J. (ed.): Geofluids: Origin, Migration and
Evolution of Fluids in Sedimentary Basins. Geological Society
Special Publication 78, 127-140.
Chapman, R.E. 1981: Geology and Water. Martinus Nijhoff / Dr. W.
Junk Publishers, The Hague.
Clayton, C. 1999: Discussion: "Physical constraints on hydrocarbon
leakage and trapping revisited" by Bjørkum, P. A. et al. 1998. Petroleum Geoscience 5, 99-101.
Cook, H.E. 1979: Ancient continental slope sequences and their value
in understanding modern slope development. In: Doyle, L.J. &
Pilkey, O.H. (eds.): Geology of continental slopes. SEPM publication
27, 287-305.
Dalland, A., Worsley, D. & Ofstad, K. 1988: A lithostratigraphic scheme
for the Mesozoic and Cenozoic succession offshore mid and northern Norway. Norwegian Petroleum Directorate Bulletin 4, 65 pp.
Darby, D., Haszeldine, R.S. & Couples, G.D. 1998: Central North Sea
overpressures: insight into fluid flow from one- and two-dimensional basin modelling. In: Duppenbecker, S.J. & Illife, J.E. (eds.):
Basin Modelling: Practise and Progress. Geological Society, London,
Special Publications 141, 95-107.
Dickinson, G. 1951: Geological aspects of abnormal reservoir pressures in the Gulf Coast region of Louisiana, U.S.A. Proceedings, 3rd
World Petroleum Congress, Section 1, 1-16.
Dutta, N.C. 1987: Fluid flow in low permeable porous media. In:
Doligez, E. (ed.) Migration of Hydrocarbons in Sedimentary Basins,
567-595. Editions Technip, Paris.
Ehrenberg, S.N., Gjerstad, H.M. & Hadler-Jacobsen, F. 1992:
Smørbukk Field – A gas condensate fault trap in the Haltenbanken
province, offshore Mid-Norway. American Association of Petroleum
Geologists Memoir 54, 323-348.
England, W.A., Mackenzie, A.S., Mann, D.M. & Quigley, T.M. 1987:
The movement and entrapment of petroleum fluids in the subsurface. Journal of the Geological Society, London 144. 327-347.
Fetter, C.W. 1995: Applied Hydrogeology. Third Edition. Prentis Hall,
Upper Saddle River, New Jersey.
Finch, W.C. 1969: Abnormal Pressure in the Antelope Field, North
Dakota. Journal of Petroleum Technology21, 821-826.
Glezen, W.H. & Lerche, I. 1985: A model of regional fluid flow: Sand
concentration factors and effective lateral and vertical permeabilities. Mathematical Geology 17, 297-315.

NORWEGIAN JOURNAL OF GEOLOGY

Hastings, D.S. 1987: Sand-prone facies in the Cretaceous of Mid-Norway. In: Brooks, J. & Glennie, K. (eds.): Petroleum Geology of North
West Europe, 1065-1078. Graham & Trotman, London.
Hedberg, H.D. 1974: Relation of methane generation to undercompacted shales, shale diapirs and mud volcanoes. American Association of Petroleum Geologists Bulletin 58, 661-673.
Hermanrud, C., Wensaas, L., Teige, G.M.G., Vik, E., Nordgård Bolås,
H. & Hansen, S. 1998: Shale porosities from well logs on
Haltenbanken (offshore Mid-Norway) show no influence of overpressuring. In: Law, B. (ed.): Abnormal Pressures in Hydrocarbon
Environments. American Association of Petroleum Geologists
Memoir 70, 65-85.
Hermanrud, C. & Nordgård Bolås, H.M. 2002: Leakage from overpressured hydrocarbon reservoirs at Haltenbanken and in the northern
North Sea. In: Koestler A.G. & Hunsdale, R. (eds.): Hydrocarbon
Seal Quantification. NPF Special Publication 11, 221-231. Elsevier
Science B.V., Amsterdam.
Heum, O.R., Dalland, A. & Meisingset, K.K. 1986: Habitat of Hydrocarbons at Haltenbanken (PVT-modelling as a predictive tool in
hydrocarbon exploration). In: Spencer, A.M. et al. (eds.): Habitat of
Hydrocarbons on the Norwegian Shelf. Proceedings Norwegian
Petroleum Society, 259-274. Graham & Trotman, London.
Hinch, H.H. 1978: The nature of shales and the dynamics of hydrocarbon expulsion in the Gulf Coast Tertiary section. Short course: Physical and chemical constraints on petroleum migration. Oklahoma
City, Oklahoma. American Association of Petroleum Geologists.
Hunt, J.M. 1990: Generation and migration of petroleum from abnormally pressured fluid compartments. American Association of Petroleum Geologists Bulletin 74, 1-12.
Koch, J.O. & Heum, O.R. 1995: Exploration trends of the Halten
Terrace. In: Hanslien, S. (ed.): Petroleum Exploration and Exploitation in Norway. Norwegian Petroleum Society Special Publication 4,
235-251. Elsevier, Amsterdam.
Koenig,R.H. 1986: Oil discovery in 6507/7; an initial look at the
Heidrun Field. In: Spencer, A.M. et al. (eds.): Habitat of Hydrocarbons on the Norwegian Shelf. Proceedings Norwegian Petroleum
Society, 307-311. Graham & Trotman, London.
Lilleng, T. & Gundesø, R. 1997: The Njord Field – a dynamic
hydrocarbon trap. In: Møller-Pedersen, P. and Koestler A.G. (eds.):
Hydrocarbon Seals: Importance for Exploration and Production.
Norwegian Petroleum Society Special Publication 7, 201-217.
Luo, X. & Vasseur, G. 1992: Contributions of compaction and aquathermal pressuring to geopressure and the influence of environmental conditions. American Association of Petroleum Geologists
Bulletin 76, 1550-1559.
Mann, D.M. & Mackenzie, A.S. 1990: Prediction of pore fluid pressures in sedimentary basins. Marine and Petroleum Geology 7, 55-65.
Martinsen, O.J., Lien, T. & Jackson, C. 2005: Turbidite systems offshore
Norway. In: Doré, A.G. & Vining, B.A. (eds) Petroleum Geology:
North-West Europe and Global Perspectives-Proceedings of the 6th Petroleum Geology Conference, 1147-1164. Geological Society, London.
Neuzil, C.E. 1995: Abnormal pressures as hydrodynamic phenomena.
American Journal of Science 295, 742-786.
Nysæther, E. 2005: Overtrykk i sandsteiner – hvordan dannes det? In:
NPF Abstracts and proceedings of the Geological Society of Norway " 2005 (1) Vinterkonferansen 2005, p. 88.
Olstad, R., Bjørlykke K. & Karlsen D.A. 1997: Pore water flow and
petroleum migration in the Smørbukk field area, Offshore midNorway. In: Møller-Pedersen, P. and Koestler A.G. (eds): Hydrocarbon Seals: Importance for Exploration and Production. Norwegian
Petroleum Society Special Publication 7, 201-217.
Osborne, M.J. & Swarbrick, R.E. 1997: Mechanisms for generating
overpressure in sedimentary basins: a revaluation. American Association of Petroleum Geologists Bulletin 81, 1023-1041.
Powers, M.C. 1967: Fluid-release mechanisms in compacting marine
mudrocks and their importance in oil exploration. American Asso-

Determination of overpressures

27

ciation of Petroleum Geologists Bulletin 51, 1240-1254.
Powley, D.E. 1990: Pressures and hydrogeology in petroleum basins.
Earth-Science Reviews 29, 215-226.
Rodgers, S. 1999: Discussion: "Physical constraints on hydrocarbon
leakage and trapping revisited" by Bjørkum, P.A. et al. 1999,
- further aspects. Petroleum Geoscience 5, 421-423.
Shanmugam, G., Lehtonen, L.R., Straume, T., Syvertsen, S.E.,
Hodgkinson, R.J. and Skibeli, M. 1994: Slump and debris-flow
dominated upper slope facies in the Cretaceous of the Norwegian
and northern North Seas (61-67˚N): Implications for sand
distribution. American Association of Petroleum Geologists Bulletin
78, 910-937.
Skar, T., Balen, R.v. & Hansen, S. 1998: Overpressuring in Cretaceous
shales on the Halten Terrace, offshore Mid-Norway: nature and
causes. – Overpressures in petroleum exploration; Proc. Workshop,
Pau, 1998. Bulletin du Centre de Recherches Elf Exploration
Production, Memoirs 22, 69-75.
Skar, T., Van Balen, R.T., Arnesen, L. & Cloetingh, S. 1999: Origin of
overpressures on the Halten Terrace, offshore mid-Norway: the
potential role of mechanical compaction, pressure transfer and
stress. In: Aplin, A.C., Fleet, A.J. & Macquaker, J.H.S. (eds.): Muds
and Mudstones: Physical and Fluid Flow Properties. Geological
Society, London, Special Publications 158, 137-156.
Smith, J.E. 1971: The dynamics of shale compaction and evolution of
pore-fluid pressures. Mathematical Geology 3, 239-263.
Swarbrick, R.E. 2002: Challenges of porosity-based pore pressure prediction. CSEG Recorder, 74-77.
Teige, G.M.G., Hermansrud, C., Wensaas, H. & Nordgård Bolås, H.M.
1999: The lack of relationship between overpressure and porosity
in North Sea and Haltenbanken shales. Marine and Petroleum
Geology 16, 321-335.
Teige, G.M.G., Hermansrud, C., Thomas, W.H., Wilson, O.B. &
Nordgård Bolås, H.M. 2005: Capillary resistance and trapping of
hydrocarbons: a laboratory experiment. Petroleum Geoscience 11,
125-129.
Tóth, J., Maccagno, M.D., Otto, C.J. & Rostron, B.J. 1991: Generation
and migration of petroleum from abnormally pressured fluid
compartments: Discussion. American Association of Petroleum Geologists Bulletin 75, 331-335.
Van Balen, R.T. & Skar, T. 2000: The influence of faults and intraplate
stresses on the overpressure evolution of the Halten Terrace, midNorwegian margin. Tectonophysics 320, 331-345.
Vik, E., Heum, O.R. & Amaliksen, K.G. 1992: Leakage from deep reservoirs: possible mechanisms and relationship to shallow gas in the
Haltenbanken area, mid-Norwegian shelf. In: England, W.A. &
Fleet, A.J. (eds.): Petroleum migration. Geological Society London,
Special Publication 59, 273.
Walker, R.G. 1998: Turbidite facies and reservoir architecture:
Examples from the Lysing Formation, Smørbukk Area,
Mid-Norway. Norsk Hydro internal dokument.
Yardley, G.S. & Swarbrick R.E. 2000: Lateral transfer: a source of
additional overpressure? Marine and Petroleum Geology 17, 523-537.

