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1. Introduction

This report is a contribution to the “modelling of dynamic fluid contacts” project: EFP-2001
(ENS J.nr. 1313/01-0004). The report describes seismic mapping and depth conversion of
key horizons covering the Kraka Field (Fig. 1). The purpose of the mapping exercise is to
create input for flow modelling, -both representing the present reservoir conditions and at
times in the past. For this purpose a first attempt at a backstripping procedure is also de-
veloped and applied in 1D, pseudo 2D, and pseudo 3D. The theory is presented together
with application/examples of 1-D backstripping of the M-10x well, map based backstripping
around the Kraka Field, and a profile on the southeast flank of the Kraka Field. All of these
examples are aimed at describing the development of the upper part of the Chalk.
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Fig. 1: Location map.

The backstripping procedure describes burial history as well as subsidence compensated
for compaction and considering over-pressuring. The porosity development is also de-
scribed where a boundary condition is the porosity as of today. The backstripping proce-
dure relies on simple analytical methods that allow present porosity to be matched based
on simple assumptions on the overpressure development. This approach causes comput-
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ing times to be very short and thus allows a high degree of detail in porosity variation to be
preserved.

A hypothetical hydrocarbon charging scenario on the Kraka south-east flank is presented
as modelled profiles. The model assumes filling at 8 Ma b.p. and discusses subsequent
reservoir development. The model is a possibility for testing in the later part of the project.
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2. Seismic mapping

The basic seismic data is the merged 3D survey covering the contiguous area (Tredgett
and Mooney 1995) This volume is based on a merger of 11 surveys acquired in 1987 to
1993 and covers an area of approximately 1993 km?. However, only the southernmost part
of this survey that covers the Kraka Field, is presented here. An earlier interpretation of the
Top Chalk and Top Maastrichtian on these data is expanded and utilised in the present
work (Vejbaek 2000). The selection of the Top Maastrichtian by Vejbaek (2000) follows
definitions discussed by Kristensen et al. (1995). In addition six reflectors in the Post Chalk
succession have been interpreted to support analysis of the Post Chalk subsidence history.
Altogether ten horizons have been interpreted in the area (Table 2.1).

The polarity of the seismic data follows the SEG standard with compression pulses corre-
sponding to downward increasing acoustic impedance recorded with negative numbers.
Compression pulses and negative numbers for seismic reflections are displayed in red and
positive as blue. The term “positive reflection” used below corresponds to a compressional
pulse.

Relector name | Stratigraphy Age |Comments

ow_Lcen-6 Intra Pliocene 3.5 Estimated age based on position

owv_ILPlio Upper Miocene 6 Estimated age

ow_NTMIO Near Base Messinian 7.12 | Located app. 1 cycle above Near base Messinian in re-
gional 2D (Rasmussen & Dybkjeser pers.com.)

ow_NTMMio Near Base Tortonian 11.20 | Located 1-2 cycles below Base Tortonian in regional 2D
(Rasmussen & Dybkjeer pers.com.)

ESR T Aub LOD C. aubryae 14.6 | Tied from regional 2D (Rasmussen & Dybkjeer pers.com.)

ESR_T_Aceras LOD C. aceras 21.1 | Tied from regional 2D (Rasmussen & Dybkjeer pers.com.)

ow_t_ch Top Chalk (Top Ekofisk | 61.0 | Seismic tie based on Nielsen and Japsen (1990) and com-

Formation pletion logs, Age according to Gradstein & Ogg (1996)

owv_Ttor Top Tor Formation 65.0 | Interpretation based on detailed log correlation (see below)

ow_Tma4 Top Maastrichtian Unit 4 68 Interpretation based on detailed log correlation (see below)

owv_buc Base Chalk 98.9 | Seismic tie based on Nielsen and Japsen (1990) and com-
pletion logs, Age according to Gradstein & Ogg (1996)

Table 2.1: Interpreted reflectors, statigraphic position, and age in Ma. LOD = last oc-
currence datum.

The top and base Chalk Group have been interpreted on the basis of well tie information
(Nielsen and Japsen 1991). The Top Maa Unit 4 is correlated from a Dan Field interpreta-
tion (Kristensen et al. 1995; Vejbeek 2000); and the Top Tor reflector is based on well ties
partly from completion report information and earlier regional mapping (Vejbaek 2000). The
two latter reflectors are quite difficult to pick in the seismic data due to weak and variable
reflection strength and phase and are likely to be revised in the future. The reflectors lo-
cated in the Cainozoic succession are selected in order to provide a structural overview of
Cainozoic subsidence. These reflectors are selected from or correlated to a detailed strati-
graphic breakdown of the Cainozoic by Erik Skovbjerg Rasmussen (pers. comm.) under
considerations of seismic continuity. As may be evident from table 2.1, only Cainozoic re-
flectors in the Neogene have been mapped. However, the unresolved Palaeogene interval
generally constitutes less than 500 msec of the Cainozoic succession or ¥4 of the post
chalk interval (see below) and the interval is characterised by relatively slow sedimentation
rates. Further subdivision has not been considered to add more information due to uncer-
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tainties with reconstructing palaeo-structural configurations in the Palaeogene (see discus-
sions below).

Except the base Chalk map, all structure and isopach maps are depth converted according
the approach detail in section 3. The presented maps are listed in Table 2.2.

2.1 Intra Pliocene reflector

This reflector is mapped under the name ovv_Lcen-6 and is located halfway between two
reflectors mapped regionally by E. S. Rasmussen (pers. comm.). The latter two reflectors
are assigned the ages 1.77 and 5.32 Ma. Based on this, an estimated age of 3.5 Ma is
tentatively assigned to the ovv_Lcen-6 reflector. It is thus located within the Pliocene. The
reflector is picked at a very continuous positive reflection corresponding to downward in-
creasing acoustic impedance. The reflector pattern above and below display very low-
angle west- to southwestward sigmoidal progradation and the surface may display channel
like features. For this reason, it is rather unlikely that the reflector was completely horizon-
tal at the time of deposition.

2.2 Upper Miocene reflector

The reflector ovv_ILPlio is located halfway between two reflectors mapped regionally by E.
S. Rasmussen (pers. comm.). The latter two reflectors are assigned the ages 5.32 and
7.12 Ma. Based on this, the ovv_ILPlio 6 reflector is assigned an estimated age of 6 Ma
which places it within the Late Miocene. The reflector is picked at a very continuous posi-
tive reflection corresponding to downward increasing acoustic impedance. The reflector is
very suitable to autotracking owing to a very continuous nature. However, a N-S striking
narrow zone stretching from the area around the Anne-3 well towards the G-2X well has
reduced amplitudes. This is interpreted to reflect lithology changes originating from a lat-
erally varying depositional environment. The reflector is located within a larger package
with a low-angle northeast- to northwest-wards sigmoidal progradational reflection pattern.
It is therefore rather unlikely that the reflector represents a horizontal surface at the time of
deposition and the use of the mapped surface for palaeo-structural reconstruction should
be done with caution.

2.3 Near Base Messinian reflector

This reflector is mapped under the name ovv_NTMIO and is assumed nearly equivalent to
the Base Messinian based on a tie to regional mapping by E. S. Rasmussen (pers.
comm.). The reflectors do not tie exactly. Based on the stratigraphic position the reflector is
assigned an age of 7.12 Ma (Gradstein & Ogg 1996). The reflector is picked at a very con-
tinuous positive reflection corresponding to downward increasing acoustic impedance. The
reflection configuration immediately above and below is generally parallel, but the reflector
has scattered channel features apparently cutting into the substratum. The reflector is lo-
cated within a larger package with a low-angle sigmoidal progradational reflection pattern.
It is therefore rather unlikely that the reflector represents a horizontal surface at the time of
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deposition and the use of the mapped surface for palaeo-structural reconstruction should
be done with caution.

2.4 Near Base Tortonian reflector

This reflector is mapped under the name ovw_NTMMIO and is assumed nearly equivalent
to the Base Tortonian based on the approximate tie to regional mapping by E. S. Rasmus-
sen (pers. comm.). The reflectors do not tie exactly. The reflector is often termed “Near
Top Middle Miocene” or “Top Overpressure” and is picked at a continuous negative reflec-
tion corresponding to downward decreasing acoustic impedance. It is characteristic by
separating continuous “railway” reflections above from discontinuous reflections below.
The discontinuous reflections below are offset by numerous small-scale faults of little spa-
tial extension, which are assumed a direct indication of over-pressuring. This reflector is
therefore interpreted to be at or near the top seal of the over-pressured section below. This
pressure “cell” continues downward with the same amount of relative excess pressure to
the Top Jurassic, where a further increase occurs. The mapped reflector is itself influenced
by the small-scale faulting in the succession below. Slightly irregular (high frequency) curve
patterns have, however, been removed by smoothing on the time structure map. The small
scale irregularities are not considered to have any bearing on the structural development of
the Chalk units. The middle Miocene deposits are interpreted to be pro-delta mud (Michel-
sen et al. 1998) and may therefore be assumed to have been deposited horizontally albeit
in deep waters. For this reason, this reflector is ideal for use in the reconstruction of Pa-
laeo-structural configurations of deeper levels. The reflection configuration above is clearly
on- or down-lapping.

2.5 Top Aub reflector

This reflector is located 100-200 msec deeper than the Base Tortonian within the pre-
sumably overpressured lower Cainozoic succession. The reflector is picked from a tie to
regional mapping by E. S. Rasmussen (pers. comm.). This reflector correlates with the
LOD of the dinoflagellate cyst Cousteaudinium aubryae, hence the name (K. Dybkjeer,
pers. comm.). This LOD is located in the lowermost Serravallian corresponding to 14.6 Ma
(Mid Miocene; Williams et al. 1998, Gradstein & Ogg 1996). It is a relatively strong positive
(red) reflector and is very discontinuous due to some combination of numerous small-scale
faults and a possible bad stack caused by a velocity inversion below the Base Tortonian.
However, since it is located near the top of the over-pressured section where formation
pressure are likely to be closest to the fracture gradient, faulting is a plausible explanation
for most of the discontinuous nature of the reflector. The pronounced local (high frequency)
topography originating from the discontinuous nature has no direct bearing on the structure
of the Chalk horizons. For this reason, heavy smoothing has been applied to the final map
to make it useful for backstripping.
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2.6 Top Aceras reflector

This reflector is located in the middle of the overpressure section, roughly halfway between
the Base Tortonian and the Top Chalk reflectors. The reflector is picked from a tie to re-
gional mapping by E. S. Rasmussen (pers. comm.). The reflector correlates with the LOD
of the dinoflagellate cyst Caligodinium aceras, hence the name. This LOD is located in the
upper Aquitanian corresponding to 21.1 Ma (lower Miocene; Williams et al. 1998). Like the
Top Aub, this reflector is also characterised by small-scale high frequency topography due
to some combination of numerous small-scale faults and possibly bad stacking. It is, how-
ever, somewhat more continuous than the Top Aub, owing to sub-critical over-pressuring
and/or lesser problems originating from velocity inversion during stacking. However, strong
smoothing has also been applied.

2.7 Top Chalk

This reflector is picked at a generally positive reflection. It is usually strong and continuous
and therefore relatively easy to follow. However, in the presence of gas, it looses amplitude
and may even obtain reverse polarity. This occurs in the crestal areas of the Dan and
Kraka Fields.

2.8 Top Tor reflector

This reflector has a strongly variable nature going from strongly positive to strongly nega-
tive. The amplitude changes are mainly related to rock property variations other than fluid
content variations. The interpretation is therefore rather tentative; it is subject to rather
large uncertainty and is strongly dependent on well tie information. The conformable con-
figuration relative to the Top Chalk and Top Maa Unit 4 reflectors combined with structural
considerations reduces the interpretation uncertainty. The amplitude variations are proba-
bly caused by minor variations in depositional environment and diagenetic alterations oc-
curring penecontemporaneous with deposition. These variations are probably related to
palaeo- bathymetri that for instance may cause hardground formation resulting in a positive
reflection. The reflector is important, as it separates Danian Chalk from Maastrichtian
Chalk with remarkably different reservoir properties (Engstrgm 1995; Frykman 2001; Ve-
jbaek 2002). The interpretation relies heavily on support from log correlation and synthetic
seismic modelling. Autotracking is virtually impossible and thus render mapping very time
consuming.

2.9 Top Maa Unit 4 reflector

This reflector is a somewhat weak, but rather continuously positive reflector. It is therefore
generally interpreted with higher confidence than the Top Tor reflector. In minor areas, it
looses amplitude, but only with local reversals. The interpretation is supported, but only to
some extent dependent on well tie information. The reflector is chosen based on the work
with the subdivision Dan Field reservoir as presented by Kristensen et al. (1995). This work
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presents subdivision using the combined information from log, biostratigraphic and seismic
data. As reflectors are assumed to have chronostratigraphic significance, this subdivision
provides a good basis for selecting regional correlation. The work of Kristensen et al.
(1995) presents a further subdivision of the interval between the Top Maa Unit 4 and the
Top Tor reflectors. However, regional seismic correlation of the further subdivision is not
considered feasible. Based on log and biostratigraphic data, it may be possible to transfer
the subdivision to other fields. The Top Maa Unit 4 reflector is located within the Maastrich-
tian and in many cases, it represents the boundary between reservoir quality and relatively
tighter Maastrichtian Chalk below.

2.10 Base Chalk reflector

This reflector is a relatively strong continuous negative reflector that in general is relatively
easy to follow. In wells, the reflector ties with the Cenomanian — Albian boundary equiva-
lent to the base of the Chalk Group. However, in some synclines that probably represent
palaeo-bathymetric depressions as suggested by the Chalk isopach map, an alternative
interpretation emerges. The alternative appears as a deeper continuous negative reflec-
tion, and is unchecked by wells where it exists. However, in this report this alternative has
been interpreted as defining the base of a Lower Cretaceous unit that represents the last
subsidence caused by abating extensional tectonic movements. Since extensional tecton-
ics is assumed to cease at the Cenomanian - Albian boundary, the shallower option has
been chosen (Vejbaek & Andersen 2001).

2.11 Isopach maps

A number of isopach maps have been generated to illustrate the tectonic development
(Figs. 12 — 19; Table 2.2). In some cases they may approximate palaeo structural configu-
rations of the lower reflector at the time corresponding to the upper reflector. However, the
isopach have not been decompacted, and in some case, the upper reflector was most
likely not horizontal at the time of deposition. Except for the Upper Tor and Ekofisk Forma-
tion isopachs (Figs. 12 & 13), the isopach maps are contoured with the same range and
contour interval to allow direct comparison. Qualitatively the isopach maps may indicate
that most of the growth of the Kraka structure occurred in the time interval 61 — 21 Ma b. p.
(Fig. 14) and gradually abating until 6 Ma b.p. with only slight additional movement. More
detailed estimates on the structural development should, however, encompass backstrip-
ping as discussed below.
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Fig no Interval C.L Text

2 1900-2400 |25 Base Chalk time structure map

3 1800-2300 |25 Top Maa unit 4 (Mid Tor Formation) depth structure map
4 1700-2200 |25 Top Tor depth structure map

5 1700-2200 |25 Top Chalk depth structure map

6 1400-1700 |15 LOD C. Aceras depth structure map (21.1Ma b.p.)

7 1100-1400 |15 LOD C. Aub depth structure map (14.6 Ma b.p.)

8 1100-1400 |15 Near Base Tortonian depth structure map (11.2 Ma b.p.)
9 700-1000 15 Near Base Messinian depth structure map (7.12 Ma b.p.)
10 500-800 15 Upper Miocene reflector depth structure map (6 Ma. b.p.)
11 400-700 15 Intra Pliocene reflector depth structure map (3.5 Ma b.p.)
12 30-150 6 Upper Tor Formation isopach map (66-65 Ma b.p.)

13 20-70 2.5 Ekofisk Formation isopach map (65-61 Ma b.p.)

14 0-500 25 Palaeocene-Oligocene isopach map (61-21.1 Ma b.p.)
15 0-500 25 Aquitanian isopach map (21.1-14.6 Ma b.p.)

16 0-500 25 Mid Miocene isopach map (14.6-11.2 Ma b.p.)

17 0-500 25 Tortonian isopach map (11.2-7.12 Ma b.p.)

18 0-500 25 Messinian isopach map (7.12-6 Ma b.p.)

19 0-500 25 Lower Pliocene isopach map (6-3.5 Ma b.p.)

Table 2.2: Depth structure and isopach maps presented in this report.
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Upper Miocene Depth structure map (6Ma)
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Isopach N. Base Tortonian - N. Base Messinian (7.12-11.2Ma)
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3. Depth conversion

Velocity modelling for depth conversion is performed differently for the Post Chalk Group
and for the intra chalk reflectors and seismic samples. The Post Chalk Group velocity
models apply linearly depth dependent models as described by Japsen (2000). The Intra
chalk velocity models are derived from seismic inversion data.

3.1 Post Chalk Velocity modelling

Depth to the Top Chalk is calculated from average velocities estimated in a regional map-
ping study (Britze et al. 1995a). The average velocity is calculated using a function of the
type:

1) V.=V, +dv+k-Z

where V; is the interval velocity, Vo and dv are surface velocity and associated anomaly
(laterally varying), k is the velocity gradient, and Z is depth. The deviations from the aver-
age velocity function, the anomaly (dv), is typically obtained from well data (e.g. Japsen
2000). The method is therefore capable of handling anomalies with a larger extent than the
well spacing. Local velocity anomalies resulting from e.g. gas clouds or local overpressure
release or other phenomena unchecked by wells may therefore result in locally erroneous
depth predictions.

The Post Chalk Group is divided at the Near Base Tortonian reflector for depth conversion
purposes. This or nearby reflectors are often referred to at “near Top overpressure”, as it is
located at the mid Miocene seal below which, fluid pressure exceeds hydrostatic conditions
appreciably. At around the Dan Field area, the fluid pressure is roughly 7 MPa above hy-
drostatic (e.g. Japsen 2000). As the reflector does not correspond exactly to any previously
mapped reflector (e.g. Japsen 1992), velocity anomaly mapping has to be re-considered.
According to Japsen (19xx), the velocity anomalies in the upper Post Chalk Group are in-
significant as compared to the lower Post Chalk Group (Britze et al. 1995a; Japsen, 1998).
The velocity anomalies in the Lower Post Chalk Group are mainly attributed to variable
degrees of over-pressuring. For these reasons and because no exact well tie data base
exist for the interpreted Near Base Tortonian reflector, the following approach was taken:

e The velocity modelling of the Post Chalk Group is divided into two at the Near Base
Tortonian.

¢ All velocity anomalies necessary to match the Top Chalk level are ascribed the velocity
model for the lower Post Chalk Group. The upper Post Chalk Group velocity model has
no anomalies.

e The Intra Pliocene, the Upper Miocene, the Near Base Messinian, and the Near Base
Tortonian are depth converted using the upper velocity model. The ESR_T_Aub, the
ESR_T_Aceras, and the top Chalk reflectors are depth converted using the lower ve-
locity model which includes mapping of velocity anomalies (dv).
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The general depth conversion parameters for two models in the Post Chalk Group are
given in Table 3. The upper Post Chalk Group parameters are from Britze et al. (1995).
The Lower Post Chalk Group parameters are converted from the “Shale Trend” equation
by Japsen (1999):

2) ITT =460-e /%" +185

where ITT is integrated transit time with the units zsec-m™ and depth is given in meters.
The parameters resulting from the conversion is given in Table 3.1.

V, (m/sec) k (sec™)
Upper Post Chalk Group | 1725 0.4
Lower Post Chalk Group |1517.2 0.6

Table 3.1: Depth conversion parameters.

WELL. | Alma-1 | Alma-2 | Anne-3 | N-22 E-2 M-1 M-8 M-9 N-1 N-2 O-1 Skj.-FI | U-1
Dz 478.0 508.8 334.0 619.7 629.1 512.8 3723 458.4 599.5 579.8 325.5 438.7 675.9
Dv -275.4 | -293.6 |-194.6 |-364.0 |-369.2 |-301.7 |-216.6 |-266.7 |-351.4 |-341.3 |-1885 |-253.9 |-395.9

Table 3.2: Velocity anomalies, and calculated burial anomalies.

The Upper Post chalk Group was depth converted first without velocity anomalies. Then
velocity anomalies necessary to match the proven Top Chalk at well locations are esti-
mated and mapped. The velocity anomalies at well locations for the lower Post Chalk
Group are listed in Table 3.2. The corresponding depth anomaly range from 325 m to 675
m corresponding to an estimated excess fluid pressures in the order of 3.3 to 6.8 Mpa (e.g.
Japsen 2000). The resulting velocity anomaly map for the study area is shown as Fig. 21,
and the average velocity down to the Top Chalk is shown as Fig. 22. The trend in velocity
anomaly map deviate considerably from the expected regional south-east-ward increase in
relative velocity corresponding to decreasing fluid pressures. The pattern is clearly affected
by the presence of the Kraka Field by locally increasing relative velocity. It must be em-
phasised, that the velocity anomaly picture only carries a resolution dictated by the well
spacing.

The general impression from the average velocity map is that depth is the primary control
on velocity variations. The variations are modest, and a constant velocity of 2 Km/sec
would only produce errors on depth estimates below 100 m.
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3.2 Intra Chalk velocity modelling

In order to get as precise a velocity picture in the chalk as possible, seismic impedance
data are employed. For this purpose, data from seismic inversion performed by Maersk Oil
and Gas of the Contiguous area merged 3-D survey are employed (Tredgett and Mooney
1995). The inversion derived seismic impedance provide data also in areas in between
wells, and is thus able to catch velocity anomalies that are not documented by wells. For
this purpose a relationship between acoustic impedance and velocity is constructed.

Chalk data from: E-6x, E-2x, M-2x, M-10x, M-9x, A-4

+
11000.
Al=0.22876*Vi*1.280824 5
9000.
8 Al=2.793644"*Vi-1846
3
a
E
7000.
5000.
+7
3000. &8 - - -
1200. 2200. 3200. 4200. 5200.

Velocity

Fig. 20: Seismic impedance versus interval velocity, both derived from well log data.

The relationship is based entirely on well data and produces a very nice correlation (Fig.
20). The correlation coefficient is 0.9932 for the chosen fit type. It must, however, be
stressed that the relationship will be applied on a different type of data: the inversion de-
rived seismic impedance. The apparent high degree of confidence suggested by the cross
plot of the well data might not be transferable to the data from the inversion. Two types of
fit were tried, and the simple linear fit as given by:

3) Ai=2.793644-V, -1846 <V, =(Ai +1846)/2.793644
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was employed. The parameter Aiand V, are acoustic impedance and interval velocity

-1

respectively. Units are 1000-Kg-m™-sec™ and m-sec™'. Resulting interval velocity

maps for the upper Tor Formation (between Top Maa unit 4 and Top Tor) and the Ekofisk
Formation are shown in Figs. 23, and 24 respectively. The maps shows that velocities are
generally lower in the (also more porous) Ekofisk Formation as compared to the upper Tor
Formation. Interestingly a low velocity anomaly in the upper Tor Formation is found on the
SE flank of the Kraka Field, that would not have been captured by the type of velocity
model employed for the Post Chalk Group. Abnormally high velocities indicating tighter
chalk is found on the very crest of the Kraka Field in both Tor and Ekofisk Formations. As
no significant relative pressure difference exist vertically between the Chalk and the Lower
Post Chalk Group, it might be speculated that small DV values on the Southeast flank of
the Kraka Field in the lower Post Chalk Group might be an interpolation artefact. This is
based on the assumption that velocity anomalies are primarily caused by overpressuring.

Fig no. Interval C.L Text

21 200-400 10 Velocity anomaly map for the lower Post Chalk Group.
22 2020-2100 |4 Average velocity Post Chalk Group

23 2600-4200 |80 Upper Tor Fm. Interval velocity

24 2600-4200 |80 Ekofisk Formation Interval velocity

Table 3.3: Velocity maps
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4. Porosity mapping

Conversion of acoustic impedance derived from seismic inversion to porosity is applied for
porosity mapping. In this study, it is only relevant for the Chalk Group layer, as they are the
only part of the succession that is entered into flow simulation procedures. Even though the
employed seismic impedance data for porosity mapping are not derived from petrophysical
logs, but from seismic inversion, the porosity — impedance relationship is established on
the basis of log data alone. The resulting porosity maps must therefore be used with cau-
tion, as original data, the tools, underlying assumptions, and resulting resolution of seismic
inversion derived impedance is quite different than impedance from petrophysical logs.

To investigate the relationship between acoustic impedance and porosity, log data from 4
wells have been employed (Fig. 25).

Impendance vs. Porosity, M2x, M9x, M10x, A-4p
0.60

0.50 K f’o = 33.75516 - ‘4_2;.—“.30 162635

++

0.40 +

PHIE

0.20

0.10

3000. 5000. 7000. 9000. 11000.

Fig. 25: Acoustic impedance versus porosity. Both quantities are derived from well
log data from the entire chalk group.

After a number of trials, an equation of the form:
4) ¢ = Log(33.75516) — 0.3646865 - Log(Ai) < e’ = 33.75516- Ai "%
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was adopted. The variables ¢ and Ai are porosity and impedance respectively. Porosity is

given in fractions, and acoustic impedance is given in 1000- Kg-m™ -sec™. Points are

based on log readings from the chalk section in three Dan Field wells and one Kraka Field
well. Due to the considerable scatter and narrow control range given by these data points,
a number of different types of equations may be considered. At a first glance, a simple
linear function may do just as well. However, to achieve realistic extrapolation beyond data
control points, acoustic impedance at 0% (matrix properties) and 100% (fluid properties)
have been calculated and added to the data base before least squares approximation of
the above equation (Table 4.1). As may be evident, the function cannot be simply linear.

Porosity (@) | Pensity () | p_yelocity (V) | BulkModulus ( K') | shear modulus (G ) | Impedance ( Ai )
Units Kg/m® |m/sec GPa GPa 1000-Kg-m~ -sec™
0% 2700 5810 59.0 24.0 15674.82

100% 1010 1490 2.25 0 1506.66

Table 4.1: Supporting

constructed data for porosity end-points for application in
least squares fit of porosity versus acoustic impedance data.

The artificial end-point data are based on an assumed clay content of between 4 and 5%,
North Sea RFT data (to derive brine density), and literature data (e.g. Walls et al. 1998).
The artificial data requires the relationship to be linear.
Based on equation 3, the vertical average porosity of the Upper Tor (between Top Maa unit
4 and Top Tor) and the Ekofisk Formation are calculated shown in Figs. 26 and 27 respec-
tively. Evidently, the Ekofisk Formation has higher porosity than the upper Tor Formation,
which is counteracted by poorer reservoir properties (e.g. permeability, capillary entry
pressure) at any particular porosity level. Both maps show that porosity is not decaying
monotonically with depth, and a positive anomaly exists on the Southeast flank. Interesting
patterns of abnormally high porosity suggests a linkage to fault and fracture zones. This is
discussed further in section 6. It must be emphasised that these maps are derived from
inversion derived acoustic impedance, and may deviate from reality. For instance:

e Some of the high porosity in the Ekofisk Formation may be caused by interference
from the much lower impedance Balder Formation, which due to frequency limits af-
fects the Ekofisk signal.

e The high porosity on the flanks of the Kraka Field may originate from an erroneous low
frequency model in the inversion procedure. This is particularly a concern of relevance
at the edges of the seismic survey due to reduced CDP coverage and reduced migra-

tion quality.
Fig no. Interval C.L Text
26 0.20-0.40 0.01 Upper Tor Fm. av. Porosity from seismic impedance
27 0.20-0.40 0.01 Ekofisk Formation av. Porosity from seismic impedance

Table 4.2: Porosity maps generated from seismic impedance.
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5. Backstripping procedures

The goal of the backstripping exercise is to calculate porosity distributions back in time. It
is a requirement that the calculated porosity development must fit present day porosity
distributions in the chalk as obtained from seismic inversion data.

Basic assumptions are:

e Porosity at present as obtained from conversion of seismic inversion results is a
boundary condition.

¢ In the absence of over-pressuring and early diagenesis, porosity decay follows a sim-
ple exponential law according to depth.

e Depth is considered a proxy for effective stress in the absence of overpressure.

¢ Deviations in porosity from the average function are due to very early diagenesis or
later over-pressuring for too tight and too porous intervals respectively.

e The overpressure as of today has not dissipated significantly since onset: Overpres-
sure "arrests" porosity as it is at the time of onset.

e Very tight chalk has been cemented shortly after burial, and follows a lower porosity
decay curve than standard.

The basic approach is given earlier by e.g. Sclater and Christie (1980) and Jensen et al.
(1984), and is repeated here. New developments, however, are equations necessary to
handle the over-pressuring and anomalously tight units.

Porosity decay with depth (z in meters) according to Sclater and Christie (1980) is:

5 ¢=09, e

where ¢, is the surface porosity in fractions and the a is decay parameter. In the case of
chalk ¢, is 0.7 and a is 0.00071 m™* according to Sclater and Christie (1980) where the

reciprocal of the decay parameter, the decay length (reduction to 37% of surface por.), is
equal to 1408.5 m.
This equation can be developed into the general decompaction equation:

6) 1,

n

—2;,=(2, - 7)) _(Zf' [e_azl —e™ ]+ (i’. [e’azln e ]

where Z, is a new depth after decompaction, and subscripts 1 and 2 refer to tops and

bottoms respectively (Jensen et al. 1985). This equation may be rearranged into:

7z, +¢—°-e‘azzn =(z, - zl)+¢—°-[e‘azz —e™ e ]+ Z
a a

n

As can be seen, the new depths cannot be isolated on one side, and the equation needs to
be solved by iteration. The equation applies to periods after sedimentation of a unit has
ceased.
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During a sedimentation interval, the particle velocity as a function of depth is:
1-4,
1-¢,-e™*

where V, is the surface velocity. The time necessary for a certain depth to be reached is:

1 , B 1 [
K t_ojv(z')az:t‘vo(l—cbo){”a(e ]

Again z must be found by iteration. The surface velocity is found from:

8) Vv(z)=Vv,

10) Az + (/z: (e —e™ )}

1 [
Vo=—"——
(1-¢,)At

where At is the duration of sedimentation for the unit, and Az =z, —z, is the present

thickness of the unit.

In the case of successions, where erosion has occurred, decompaction is not performed
for time intervals where the layer is at shallower depths than previous maximum burial
depth: (z+h) where his the amount of erosion (see Jensen et al. 1984 for further detail

on this). This is not relevant for the study area, as no erosion of any significance is as-
sumed to have occurred since Jurassic times.

Over-pressuring is handled by not performing de-compaction during backstripping for
depth intervals where the porosity exceeds the porosity expected at the present depth ac-
cording to the normal compaction trend. In the approach, it is assumed that excess pore
pressure has not dissipated at all since onset. The duration of over-pressuring is the short-
est possible with this assumption. This method is hereafter called "pressure preserving de-
compaction”.

An alternative approach would be to assume that overpressure, and thus abnormal poros-
ity, has been building up gradually since deposition, hereafter referred to as "gradual pres-
sure build-up decompaction”.

The two assumptions may be considered as end-members of possible actual scenarios,
but neither handles the case where higher overpressure in the past has dissipated to some
extent.

Since burial graphs show rapid burial rates only in the Neogene and very modest burial
rates in Cretaceous — Palaeogene times (see below), the observed excess pore pressure
is assumed to have been generated very late, and only few million years before present.
The pressure preserving de-compaction approximation therefore seems to be the best
choice as the short time available reduces the problem of pressure dissipation.

In the case of over-pressuring, the average observed porosity (¢,,.) in the interval today is

higher than predicted by the standard porosity decay function (equation 1). The porosity is
assumed preserved since onset of over-pressuring. The over-pressuring as of today is
entered into the program in the form of the observed elevated average porosity for the in-

terval. We need to find the position of the base of the layer (z,) at the time of onset of
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over-pressuring to allow decompaction to start at the right time during backstripping. The
exact depth where ¢, is on the normal compaction curve occurs is (from eq. 5):

11) Zgpy = Log(‘f;“)
0

Since half of the cumulated pore space for the layer occurs above this depth, the base of
the layer is found from:

obs

12) Z, = i Log( +1j AC ¢0 (e—azOhs 1) " Az 2¢

0
where C is the cumulated pore space from the surface down to the base of the layer at the
time of onset of overpressure. This value therefore represents the hypothetical situation
where the layer extends to the surface. This is, however, only a calculation trick to obtain

the distance from z,, to z,. The parameter Az is the present thickness of the layer. This

thickness has been maintained since the time of overpressure onset, and is used to find
the top of the layer.

In the case of too tight chalk (porosity lower than the normal depth trend), the surface po-
rosity is changed according to an observed porosity (@, ), where this porosity is compared

to the expected average porosity at the depth of interest according to equation 5. The av-
erage expected porosity in an interval is given by:

13) ¢mean = _aZIaZI = ¢O (e_az2 _e_a21)
L—4 ™ —a-(z,-1,)

where z, and z, are depths to top and bottom respectively. In the sedimentation period

the equation reduces to:
1) _
14) ¢mean = _ ° 7 (e i _1)

With these equations, we can now correct the surface porosity for the tight unit on the ba-
sis of the difference between the observed mean porosity and the normal compaction
mean porosity in the interval:

15) ¢0 = ¢0 - |:a(f)( e — e—azl) - ¢obs:|

where ¢(; is the new surface porosity. Due to the non-linear porosity decay, this is not

equivalent to shifting down the porosity with the same amount over the whole depth inter-
val. The decay factor (a) therefore also have to be adjusted:
16) a'= 09 (9us / 90)

A
where a' is the new decay parameter.
In the equations above overpressure information is entered in the form of an observed po-
rosity. An alternative way of entering overpressure is to give a burial anomaly value. The
burial anomaly is the difference between the actual depth, and the depth corresponding to
the effective overburden stress which may be lowered by excess pore pressure. The burial
anomaly is here assumed identical to the difference between the actual depth and the
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depth where an observed porosity would be on the normal porosity - depth curve. This way
of entering overpressure information may be used, if no observed average porosity value is
available but over-pressuring is documented from other sources. Then this anomaly is
converted to a porosity anomaly using equation 5, where the present mid-point depth for
the layer minus the burial anomaly is entered. This is not precise, but is considered a suffi-
ciently good approximation.

5.1 Decompaction parameters

The main topic for this study, the chalk, has been given different sets of compaction pa-
rameters as shown in table 5.1.

Table 5.1: De-compaction parameters. Porosity is in fractions and the decay con-

stant has the unit m™.

Rock unit Surface porosity | Decay parameter | Decay length | Source
(@) (a) (1/a)
Chalk (1) 0.70 0.00071 1408.5 Sclater & Christie (1980)
Chalk (2) 0.662 0.0005071 1972 Based on Jakobsen (pers comm)
Chalk (3) 0.968 0.0009715 1029.3 Based on Japsen (pers. Comm)
Palaeogene |(0.71 0.0005102 1960 Frederiksen et al. (2001)
clay
Neogene 0.56 0.0003906 2560 Frederiksen et al. (2001)

The three chalk models are according to Sclater and Christie (1980), Jakobsen (pers.
comm.), and Japsen (pers. comm.). While chalk models 1 and 2 are not very different at
the depth of interest in this study, the third model is quite different. However, while the two
first are entirely empirical, the third is based on extensive calibration of seismic velocity
depth trends (Japsen 1999). As this trend produce burial anomalies calculated from burial
modelling (see below) that to some extent agrees with pressure data, it is favoured over
the others. Chalk models 1 and 2 produce far too small burial anomalies. The favoured
chalk decay constants are based on a least square fit to data deeper that 500 m from the
model proposed by Japsen (pers. comm.). His data does not follow the exponential decay
exactly as seen on Fig. 28. As the chalk today is found at depths in the order of 1.8 to 3 km
(see section on mapping) and as hydrocarbon maturation and migration is likely to be very
late in the geological history, it is probably only necessary to model porosity decay deeper
than 0.5 km accurately. The estimated surface porosity is obviously ridiculous, and is not
assumed to occur in reality, therefore the exponential decay with the suggested parame-
ters is only assumed to be valid below 0.5 km depth. A more ideal approach would be to
use a segmented curve where Chalk model 1 or 2 define the shallow part and Chalk model
3 define the deeper part.
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Fig 28: Porosity decay functions for the Chalk. Crosses illustrate a normal compac-
tion and an over-pressured trend as proposed by F. Jakobsen. Dots represent the
normal compaction model proposed by P. Japsen.

5.2 1D burial modelling: M-10X.

To test the model presented above, to show the model functionality in 1D, and to illustrate
a relevant case from the Danish Central Graben, a modelling of the M-10X well is pre-
sented below.

Compaction parameters for the Cainozoic are from Frederiksen et al. (2001) where the
parameters for the Neogene units are equivalent to the shaly sand of Sclater and Christie
(1980). The chalk parameters are from this study.

It is seen, that overpressure is assumed in the three lower Cainozoic units given as burial
anomalies (Japsen 1999) and the upper Chalk units. Although Japsen (1998) also provide
burial anomalies for the Chalk (same order of magnitude as the Palaeogene values), these
units are handled with porosity anomalies. This is done because the exact porosity as of
today must be matched, giving lower priority to pressure. In addition this allows assess-
ment of the validity of the selected normal compaction parameters. Due to the way burial
anomalies are handled internally, the burial anomalies and porosity are recalculated for
internal consistency.
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Unit Duration (Ma) | Thickness | g a 1l/a Dops

U.Pliocene - 3.5 461.49 0.56 0.0003906 2560

Recent

L. Pliocene 25 168.45 0.56 0.0003906 2560 -
Messinian 1.12 204.31 0.56 0.0003906 2560 -
Tortonian 4.08 303.84 0.56 0.0003906 2560 -
Mid Miocene 3.4 64.54 0.56 0.0003906 2560 500
Aquitanian 6.5 290.14 0.71 0.0005102 1960 500
Paleocene - 39.9 310.32 0.71 0.0005102 1960 500
Oligoc.

Ekofisk Fm 4 42.40 0.968 0.0009715 1960 0.32
Upper Tor Fm 1 41.82 0.968 0.0009715 1029 0.28
Lower Tor For- 2 207.12 0.968 0.0009715 1029 0.25
mation

Chalk below T. 27 67.46 0.968 0.0009715 1029 0.20
Hod

Table 5.2: M-10X backstripping parameters. Non-equilibrium compaction (last col-
umn) is either non-existent, given as observed porosity in fractions (<1) or as a bur-
ial anomaly (above 1).

0-35 | 356 | 6-7.12 | 7.12- | 11.2- | 14.6- | 21.1- | 61-65 | 65-66 | 66-68 | 68-95
11.2 14.6 21.1 61

Duration 35 | 25 | 112 | 408 | 34 | 65 | 399 | 4 1 2 27
Pal. Depth | 40 50 | 100 | 300 | 300 | 570 | 600 | 600 | 600 | 600 | 600
Sea level 0 80 80 | 100 | 120 | 150 | 190 | 200 | 210 | 230 | 250

Table 5.3: Palaeo-water depth and relative palaeo-sea-level variation (from Gemmer
2002).

Unit Burial anomaly | Present porosity
Mid Miocene 500 0.43
Aquitanian 494 0.43
Paleocene —Oligoc. 494 0.36
Ekofisk Fm. 685 0.31
Upper Tor Fm 589 0.27
Lower Tor Formation 592 0.22
Chalk below T. Hod 504 0.19

Table 5.4: Burial anomalies and porosities calculated for the overpressured units.
Values differ from input data due to internal consistency calculations and approxi-
mations.

Input data to the modelling consists of present thickness, duration, compaction parameters
for each unit and optionally a possible burial anomaly or porosity as of today (Table 5.2). In
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addition a palaeo water depth (bathymetry) and palaeo-sea-level may be feed into the pro-
gram in order to get a more realistic subsidence path for the location. In both cases, the
compaction calculation refers to the sea bottom. As may be evident from Figs. 29 and 30
the appearance of the subsidence curves is rather different depending on whether or not
the burial path is corrected for sea-level and bathymetry or not. Without this correction,
subsidence is accelerating already before 22 Ma b.p. After correction a picture emerges of
a huge accommodation space that is being filled up by Late Miocene progradation before
subsidence accelerates in Pliocene to Recent times. The difference in the picture is the
way the underlying tectonic activity is interpreted.

An attempt to visualise the effect of segmenting the porosity — depth model as discussed in
the previous section, is illustrated with the dashed curves in Fig. 29. The chalk layers wold
follow these curves during burial and then proceed along the full curves after crossing
these. This would correspond to a Chalk model 2 (Table 5.1) decompaction for the upper
part, and a Chalk model 3 for the lower part. As the intersection times are considered much
earlier than the time for hydrocarbon invasion, this possible correction is disregarded.

The burial anomalies and present porosity listed in Table 5.4 for the Palaeogene and Chalk
units are program output, which yields burial anomalies and porosity anomalies corre-
sponding to input after minor adjustment for internal consistency. The anomalies suggest
over-pressuring in the order of 5 =7 MPa, which is consistent with observations (e.g. Jap-
sen 2000). The adjustments, that account for difference in input and output (Tables 5.2 and
5.4) originate from approximate ways of converting burial anomalies to porosity anomalies
and vice-versa. The chalk burial anomalies are somewhat higher than those for the Pa-
laeogene units (Table 5.4). This could be realistic, as over-pressuring by a combination of
the presence of hydrocarbons and leakage from the even more over-pressured Jurassic
below is likely. The Chalk compaction parameter set 2 (Table 5.1) only produce burial
anomalies in the range 68 —391 m (largest in the Ekofisk Formation) corresponding to
overpressures of 0.7 — 3.9 MPa and even estimated over-compaction in the lowermost
chalk. Chalk model 3 is therefore more compatible with observed pressures and produce
less vertical variation in the over-pressured section, also in agreement with pressure data.
The porosity — depth plot in Fig. 31 shows the compaction paths for the four Chalk units. It
is interesting, that the present porosity levels (lower end points of the curves) seem to be a
roughly downward parallel shift from the normal compaction curve. Only the Ekofisk For-
mation seems to have slightly higher porosity according to this shift as may be consistent
with an overpressure contribution from hydrocarbons in addition to the regional water zone
pressures. The time — porosity plot in Fig. 32 shows the overpressure (deviation from nor-
mal compaction path) to have started between 6 — 8 Ma b.p. However, the way this is cal-
culated, this estimate is a minimum age for overpressure onset. The early parts of the po-
rosity — time plot (Fig. 32) is unrealistic: The start porosity is in the order of 70% and the
time for convergence of a more realistic development with the late part may be estimated
from Fig. 29.
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Fig. 29: Burial graph for the M-10x location. Dashed curves represent a more plausi-
ble modelling of the shallow/early part (see text).
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Fig. 30: Subsidence at the M10-X location. The graph is corrected for palaeo-
bathymetry and relative sea-level variations.
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Porosity depth trend in M10x, Chalk units
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Fig. 31: Calculated porosity — depth development at the M10x location. Lower end-

points are the porosity as of today.
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Fig. 32: Porosity — time development at the M-10x location. The development before
50 Ma b.p. is probably rather unrealistic due to the assumed very high surface po-
rosity.
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5.3 Pseudo 3D backstripping

Backstripping of maps is done by performing 1D backstripping at all grid points represent-
ing the digital maps. The example presented in this section covers the Kraka Field and
encompasses 9 units. Pertinent information on these units is given in table 5.5, which is
comparable to tables 5.2 and 5.3. As may be evident, palaeo bathymetry information is, as
yet, not assumed to vary inside the map area, as only time variation so far is given. This
may be of considerable consequence for palaeo structural reconstruction, which is consid-
ered particularly relevant for the last 3 units. The overpressure information for the lower
Post Chalk Group is given as a burial anomaly, and is assumed uniform within the mapped
area. The two Chalk units also suffer over-pressuring, but is given in the form of present
day porosity maps as derived in section 4 of this report.

Unit Duration |Pal. Depth|Sea level &, a B
(Ma) (m) (m)

U.Pliocene - 35 40 0 0.56 0.0003906 -

Recent

L. Pliocene 25 50 80 0.56 0.0003906 -

Messinian 1.12 100 80 0.56 0.0003906 -

Tortonian 4.08 300 100 0.56 0.0003906 -

Mid Miocene 34 300 120 0.56 0.0003906 500

Aquitanian 6.5 570 150 0.71 0.0005102 500

Paleocene - 39.9 600 190 0.71 0.0005102 500

Oligocene

Ekofisk Fm 4 600 200 0.968 0.0009715 Map

Upper Tor Fm 1 600 210 0.968 0.0009715 Map

Table 5.5: General input data for pseudo 3D modelling.

Three input files are required for the modelling:

e Stratigraphic information: Compaction parameters, duration etc. As listed in table 5.5.

e Thickness information: Each line contains coordinates, and present day thicknesses in
meters listed from the top down.

e Observed porosity (optional): Contains lines of coordinates and porosities or thick-
nesses listed from the top down, but only for the layers in the strat. Info. File that are
indicated to be supplied with map information for this.

After supplying these files, the user is requested to select which layer to display, and how

far back in time, the subsidence simulation needs to go. The program produces 3 files

(CPU time roughly 10 min for 250,000 points going back 21 Ma):

e BASINSUB.OUT: Contains maps of Unit tops, thicknesses and porosity at the selected
time.

e BASINTIM.OUT: Contains maps of the selected layers that show the time of onset for
abnormal porosity (onset of overpressure) and the porosity at that time.

e BASINPRS.OUT: Contains maps for the selected horizons that show the present day
burial anomaly (difference between present depth and depth where present porosity is
“normal”).

Examples of output are given below.
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Figs. 33 and 34 shows the mapped time for when porosity started to deviate from normal
compaction according to the model for the upper Tor and Ekofisk formations respectively.
This may suggest the approximate time for start of significant over-pressuring and/or the
time for invasion of hydrocarbons to preserve porosity. This is suggested to occur some
time after deposition has accelerated (compare Figs 29 and 30). Both maps suggest onset
time to be somewhat later on the crestal areas of the Kraka Field, which also could be
taken as an indication that leakage has allowed compaction to continue a bit further than
on the flanks. Similarly, both maps show abnormal compaction to be earlier on the North-
east and Southeast flanks. As this onset time is dependent on present observed porosity
and this is derived from seismic inversion, the possibility exist that these anomalies rather
reflect an error in the inversion. A possible error could likely be in the low frequency model.
Figs. 35 and 36 shows the modelled porosity distribution at 21 Ma b.p. for the upper Tor
and Ekofisk formations respectively. The porosity is seen to be solely depth dependent, as
expected from the onset time maps. This is because the time is prior to onset of abnormal
compaction.

Figs. 37 and 38 shows the isopach of the Upper Tor Formation and Ekofisk Formation re-
spectively at 21 Ma b.p. according to the model. Comparison to the present conditions
(Figs. 12 and 13) shows a significant thickness increase exceeding 50%.

Fig. 39 shows a reconstructed Top Chalk Depth structure map at 21 Ma b.p. according to
the model. The map cannot be compared directly to the present top structure map, be-
cause a considerable water depth is assumed to exist at this time (se Table 5.5). Still the
Top Chalk is located roughly 800 m shallower than today.

5.4 Pseudo 2D backstripping

The Southeast flank of the Kraka Field has a porosity anomaly (Figs 26 & 27), which has
been studied by the application of pseudo 2D backstripping. A profile crossing the most
anomalous parts has been selected as portrayed in Fig. 40.

Pseudo 2D backstripping is carried out as with 1D and 3D in general. However, instead of
two or four layers in the Chalk, 40 layers or cells are used with a uniform thickness of 6
meters. These cells roughly correspond to the seismic sample rate. The total number of
layers is thus 47, where Post Chalk layers are the same as in 1 and 3D backstripping. As
in the 3D backstripping, file information with present porosity as derived from seismic in-
version data is fed into the program. The dense layering in the Chalk enables present and
“past” profiles to be generated.

Fig. 41 shows the general layering along the profile with a two time vertical exaggeration
(above) and the present day porosity as derived from seismic inversion in 4 time vertical
exaggeration (below). The other profiles presented below are all with a 4 time vertical ex-
aggeration. The lower profile clearly shows the high porosity streaks in the Tor Formation
(at 2 — 4.5 km) and farther up-dip in the Ekofisk Formation. Very high porosity in the up-
permost sample in the Danian is probably an error caused by limitations in the high fre-
quency content of the seismic data and/or low frequency model. The upper one or two
samples are therefore “contaminated” with low impedance from the lowermost Post Chalk
unit (yielding too high porosity).
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Fig. 40: Location of profile on the SE flank of the Kraka Field. Contours are Top
Chalk depth contours repeated from Fig. 5.

Fig. 42 shows four different types of program output in profile. The upper profile shows the
calculated burial anomaly as derived from the difference between the present porosity and
the assumed normal compaction trend (Fig. 28). A very large burial anomaly is calculated
for the upper cells in the Ekofisk Formation, which is due to some combination of upward
increasing porosity and artefacts originating from the strong change in general impedance
level occurring at the top Chalk transition (see above). The high burial anomaly level is,
however, also occurring in the upper Tor Formation. Interestingly, this burial anomaly is
much more continuous than the corresponding porosity anomaly in Fig. 41, which suggests
that the down-dip decreasing porosity in the high porosity layer is rather a burial effect than
caused by changing chalk types and/or other causes for the porosity anomaly.

This picture is to some extent repeated in the second profile, which shows the calculated
time for deviation from normal compaction trends. The layered appearance of this “onset
time” on the Southeast flank suggests that rock compositional and/or hydrocarbon-
charging effects play a role. The layering is impossible to achieve by overpressure alone.
This also shows that the employed simplistic backstripping procedure is unable to handle
facies variations within the Chalk. Much of the crestal parts of the Kraka field are only
slightly more porous than predicted by the assumed normal compaction trend as indicated
by the very late “onset time” for under-compaction. Leakage of pore fluids from the crestal
areas and/or invasion of fluids to enhance diagenesis are likely causes for this.

The third profile in Fig. 42 shows that the entire chalk package is on the normal compac-
tion trend at 10 Ma b.p. according to the model, as the porosity is everywhere higher than
today, and is monotonically deteriorating with depth. The high porosity streak in the Tor
Formation is almost vanished at this time.

The fourth profile shows the calculated bed thickness at 10 Ma. The plot illustrates the
amount of compaction during the last 10 Ma, as the input bed thickness, the present thick-
ness, is uniformly 6 m. On this plot anomalous high porosity streaks show up as streaks
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that have not compacted (retains a 6 m thickness). Parts that are dense today, are pre-
dicted to have compacted significantly over the last 10 Ma, hence the larger thickness in
the past.

5.4.1 Backstripping “average” properties

The detailed variations in the backstripping output are more likely to reflect facies varia-
tions rather than variation in over-pressure effects on a homogeneous chalk medium as
assumed implicitly in the backstipping procedure. An alternative approach could be to
backstrip using average porosity, and then to retain the local relative porosity variation.

Porosity at x-location 4000

-1800.

Porosity from Al

data

Mean porosity —— ’
-1900.
W
o
©
E
N =
a
[:1]
o
-2000.
-2100. L, S - ———
0 10 20 30 40
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Fig. 43: Chalk porosity at x-location 4000 from profile in Fig. 41. Porosity derived
from seismic inversion is in black. The average porosity function at this location (in
red) is according to the Chalk model 3 (table 5.1) with a burial anomaly of 680 m.

Arguments for this are:

e Vertical porosity variations are not likely to be caused by variations in timing and de-
gree of overpressure since local pressure differences are likely to dissipate quickly.
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e Vanishing vertical porosity variations back in time to yield only depth dependency is
unlikely. Or rather; layering is unlikely to be a phenomenon caused only by late over-
pressuring.

e Onset time for under-compaction is likely to vary smoothly geographically: The main
cause is assumed to be overpressure generated by rapid Neogene deposition.

The burial anomaly is likely to vary smoothly geographically: Excess fluid pressures are

assumed to be locally equilibrated.

This approach is implemented by calculating a common burial anomaly for all samples in

the chalk at one geographical location. Again: This anomaly is the vertical distance be-

tween actual sample depth and the depth where the sample porosity would be on the nor-
mal compaction trend. This average anomaly is thus the average of the differences be-
tween the present depth and the depth of onset of under-compaction as given by equation

11.

Fig. 44: Histogram of the differences between observed porosity and the calculated
average porosity —depth function for all samples in the 2-D chalk model.

The principle of average porosity is depicted in Fig. 43 exemplified with the porosity at x-
location 4000 from the profile in Fig. 41. As it is seen, the local deviation relative to the
average function (including burial anomaly) is generally less than +/- 5 %. A histogram of
all these deviations along the profile shows that approximately 90 % of the data points de-
viate less than 5% porosity from the average function (Fig. 44). This low deviation is en-
sured by the laterally varying burial anomaly. The local peak at around +10% porosity is
probably mainly erroneous data from the uppermost Danian, where transitional problems
originating from seismic inversion are encountered (discussed above).

Examples of application of this approach are shown in Fig. 45. A surprisingly smooth cal-
culated burial anomaly function is shown as a red curve in panel 1. These burial anomalies
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and Chalk model 3 (Table 5.1) gives the average porosity depth function displayed in the
same panel. The burial anomaly suggests overpressure variations in the order of 4 to 7.5
MPa with the lowest values on the crest of the Kraka Field. This suggests leakage from the
central Kraka Field and/or an erroneous low frequency model used in the seismic inver-
sion.

The second panel in Fig. 45 shows the residual porosity, which added to the porosity in
panel 1 yields the calculated porosity as of today. An increase in lateral continuity of the
anomalies is noted in the second panel. The residual porosity field in panel 2 is added to
modelled smooth porosity fields representing the present and past. Such reconstructed
porosity profiles in the past are shown as panels 3 and 4 for 10 Ma and 8 Ma b.p. respec-
tively. The lowermost panel in Fig. 45 shows that under-compaction commenced at be-
tween 4.5 and 7.5 Ma b.p. The reconstructed porosity profiles in panels 3 and 4 are there-
fore both normally compacted until then. Any panel younger than 4.5 Ma b.p. will be cal-
culated to be under-compacted and thus display the same porosity as of today. The calcu-
lated 4.5 Ma onset of under-compaction could also reflect local leakage of fluids after over-
pressuring had started. Such more complicated scenarios are not considered possible to
model in the present analytical approach.

Fig no. Interval C.L Text

33 0-10 0.5 Onset time for abnormal porosity Upper Tor Formation

34 0-10 0.5 Onset time for abnormal porosity Ekofisk Formation

35 0.40-0.60 0.01 Porosity at 21 Ma b.p. Upper Tor Formation

36 0.40-0.60 0.01 Porosity at 21 Ma b.p. Ekofisk Formation

37 30-150 6 Upper Tor Fm. isopach at 21 Ma b.p.

38 20-70 2.5 Ekofisk Fm. isopach at 21 Ma b.p.

39 900-1400 25 Top Chalk depth structure map at 21 Ma b.p

41 20 — 40% 1% Profile with 2 (upper) and 4 times (lower) vertical exag-

geration. Lower profile is porosity from seismic impedance.

42 0-1000m |50 m Profiles showing calculated burial anomaly, onset of under-
2-12Ma |0.5Ma |compaction, Porosity at 10 Ma b.p., bed thickness at 10 Ma
20-40% 1% b.p.
6-8m 0.1m

45 20 — 40% 1% Porosity profiles showing 1: Average porosity depth func-
-10-10% tion, 2:Porosity deviation from average, 3: Porosity at 10
(second Ma b.p., 4: Porosity at 8 Ma b.p., 5: calculated onset of
profile) under-compaction.
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Ekofisk isopach smooth at 21 Ma b.p.
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Top Chalk depth structure map 21 Ma b.p.
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6. Discussion

Modelling of porosity development presented in this report suggests that over-pressuring in
the Kraka Field area commenced later than 10 Ma b.p.

The Kraka Field has been an anticline through most of the Cainozoic with the main closure
at approximately the same position as today (see section 2). It is therefore somewhat puz-
zling that high porosity anomalies exist on the northern and south- to south-eastern flanks.
A possible explanation for this could be that migration from a deep Jurassic source located
to the Southeast has been found its way to the Chalk via fractures on the southeast flank. It
is thus conjectured that these hydrocarbons could have been pooled locally to cause lo-
cally elevated porosity by impeding cementation.

The main reservoir is the upper part of the Danian where permeability may reach 8 mDarcy
(Thomasen and Jacobsen (1994). In the aquifer effective permeability is quoted to be
around 1 mDarcy. It is likely that the Kraka Field has been sourced from the Upper Juras-
sic. The area around the Kraka Field attains sufficient maturity for possible HC generation
only in the Lola Formation or deeper, and only in the last app. 5 Ma according to basin
modelling results (Andersen et al. 1998). Shallower source rocks are immature. Maturity in
the Upper Jurassic succession (notably the upper Jurassic Bo member (formerly Hot Unit))
increases to the north, north-west and east. HC invasion is thus likely to have occurred
later than 5 Ma b.p., and it is possible that some component of lateral migration must be
considered in order to fill the reservoir.

Capillary entry pressure (HC/water)
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Fig. 47: Calculated entry pressures expressed as height above the free water level.
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The base chalk gaussian curvature suggests the presence of sub-seismic fractures (Fig.
46). Gaussian curvature is different from zero where the shape requires plastic deformation
if the surface originally was plane. Some high strain zones (shown in red) clearly coincide
with standard interpreted faults, but also suggest these to be more extensive than inter-
preted. On the south-east flank an extensive area shows slightly elevated curvature sug-
gesting extensive sub-seismic fracturing. The gaussian curvature clearly shows that the
base chalk surface is marred by fractures/faults on the flanks in all directions. A top Chalk
gaussian curvature map suggests fracturing to be insignificant at that level. This indicates
that most faults and fractures terminate before reaching the Ekofisk Formation level. In
accordance with this, fracture permeability is reported to be insignificant on a reservoir
scale, although of local importance (Thomasen and Jacobsen 1994).

Fig. 48: Sketch of the suggested entry mechanism for the oil migration into the Tor
and Ekofisk Formations.

Since a considerable oil column is required for oil to enter water-wet chalk (Fig. 47), simple
matrix migration of hydrocarbons through the dense lower Chalk Group is inconceivable.
Fig. 47 shows the entry pressures expressed as height above the free water level, plotted
versus porosity according to the EQR model by Engstrem (1995), and using parameters
based on experience from the area relevant for Tor and Ekofisk Chalk. The plot shows that
20% porosity Maastrichtian Chalk is capable of providing top seal to a 350’ oil column ren-
dering matrix migration through the dense lower chalk virtually impossible. Instead the
faults or fractures may constitute conduits, where oil columns of sufficient height to provide
sufficient differential pressure for oil to enter porous sections of the upper Chalk Group is
envisaged. Due to lower capillary entry pressures in the Maastrichtian, and due to apparent
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lack of seismic evidence for significant fracturing at Top Chalk level, the oil-columns in the
fractures are assumed likely to be drained by Maastrichtian carrier beds before reaching
the Ekofisk Formation via matrix migration through the lower Ekofisk. The principle is
sketched in Fig. 48 and a hypothetical case of oil charging at 8 Ma b.p. is modelled in Fig.
49.

In this model, a non-dynamic (flat) free water level (FWL) is placed at a depth where the
resulting differential pressures (between oil and water phases) just allows the lower Ekofisk
Formation to be breached (Fig. 49 upper panel). This model is applied to the modelled
porosity profile for 8 Ma b.p. (Fig. 45). The second panel (Fig. 49) shows a model of the
present HC saturation, if differential pressures (between oil and water phases) have re-
mained unchanged. This is done by keeping the FWL at the same distance below top
Chalk during subsidence and compaction. This is equivalent to assuming that compaction
has been associated with discharge of both oil and water. However, since capillary entry
pressures increase with decreasing porosity, oil saturation goes down during compaction
and more oil than water is expelled (lost by re-migration).

An alternative model may be that the amount of oil remains unchanged, since also the
sealing capacity of the seals surrounding the accumulation increase with decreasing po-
rosity (unless fracturing occurs). In order to maintain the hydrocarbon volume, the differen-
tial pressures (between oil and water phases) must increase to overcome the increasing
capillary entry pressure, and the decreasing available pore space. This is done by lowering
the FWL with 90 m corresponding to a relative pressure increase in the oil phase of 32 psi
(=0.22MPa). This situation is accompanied by a perceptible redistribution of oil (Fig. 49, 3"
and 4" panel). Some of this (but not solely) is due to a reduction in porosity and a constant
oil volume. In the event, that the original oil column was determined by the fracture pres-
sure of the top seal, it is likely that further compaction must be associated with leakage of
hydrocarbons due to failure of the top seal.

The models assume equilibrium conditions to have been achieved and maintained (flat
FWL). However, the modelled permeability profiles in Fig. 50 show quite modest perme-
ability both at present and at 8 Ma b.p. The permeability in the profiles is converted from
modelled porosity using:

17) Kair :a'¢b

where K., is the gas permeability in mDarcy, ¢ is porosity in fractions, and aand b are

r
constants as given in table 6.1 (Frykman 2001). This permeability is then converted to fluid
permeability using:

b
18) Ky=a-Kg
A B
Danian (por. to perm.) 300 5
Maastrichtian (por. to perm.) 155 3.5
Permeability conversion 0.52 1.083

Table 6.1: Conversion parameters for porosity — permeability conversion and air to
fluid permeability conversion (from Frykman 2001).
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Even at 8 Ma.b.p. the fluid permeability rarely exceeds 2 mDarcy. To approximate buoy-
ancy driven migration as well as re-migration, flow velocity has been estimated. The
smoothed local gradient of the Top Chalk surface on the presented profile is shown as the
3 panel in Fig. 50. The 4" is then the calculated flow velocity for oil assuming a perme-
ability of 1 mDarcy (Thomasen and Jacobsen 1994), and a differential gradient between oll
and water of 0.11 psi/ft. Flow rates only reach a maximum of 5 km/Ma, which makes it
likely that some degree of non-equilibrium dynamic conditions exist today. Some dip on the
FWL along matrix migration conduits towards possible fracture entry points must be as-

sumed.

Fig no. Text

46 Gaussian curvature at Base Chalk level. Contours are Base Chalk TWT
iso lines with an interval of 25 msec.

49 Calculated HC saturations modelled for using porosity models shown in
Figs. 41 (2" panel) and 45 (4™ panel).

50 Modelled Permeability based on porosity models shown in Figs. 41 (2™

panel) and 45 (4™ panel).
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HC Saturation at 8 Ma
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