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Introduction

The project “Variability of the chalk background velocity in the South Arne area” had three
main aims. First, quantification of how the chalk background velocity (the low-frequent ve-
locity variations which define the absolute level of the chalk velocity) in the South Arne area
is affected by effective stress, presence of hydrocarbons as well as porosity, composition,
texture and cementation of chalk. Second, estimation of upper and lower bounds on chalk
porosity estimated from seismic inversion based on the analysis of these factors. Third,
evaluation of the usefulness of velocities estimated from seismic processing as a supple-
ment to well log data for establishing chalk background velocity.
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Summary

We have studied the relations between velocity, porosity and depth for the Chalk Group
based on data from Danish wells centred around the South Arne Field in the central North
Sea (Figure 1). The Chalk Group in 29 wells was subdivided into lithostratigraphic units and
the log data were quality controlled, and porosity and water saturation estimated. All wells
had sonic log data and seven also shear-wave velocity logs. Temperature and formation
pressure for the chalk interval were also investigated across the study area. Twenty core
samples from water saturated chalk in eight wells were studied in detail; acoustic, textural,
mineralogical and chemical properties were investigated and a compositional model was
made by including data from image analysis of backscatter electron micrographs Results
from investigations of samples from the SA-1 and Rigs-1, -2 wells were available from pre-
vious studies and were included in the interpretation.

Effective stress and porosity reduction in chalk
Log data (especially from thick sequences) reveal the well-known increase of chalk velocity
with depth (and the corresponding decrease of porosity) (Figure 2). The velocity-depth
trends for the chalk sections in the individual well do, however, only line up if the depths are
corrected for the effect of overpressure of the pore fluids. In the central North Sea, the
dominant part of the overpressure in the chalk is caused by dis-equilibrium compaction so
we can compute an approximate expression for the effective depth, Zeff, of relatively high-
porosity chalk. The effective depth is the burial depth where the chalk would be subject to
the same effective stress during normal compaction (hydrostatic formation pressure):

PZZeff ���� 100 (1)

where Z is true vertical depth in metres below sea bed and �P is the overpressure in MPa
(1 MPa = 145 psi). The alignment of velocity data versus effective depth underlines that
effective stress is a first-order control on chalk velocity even for velocities up to 5 km/s (po-
rosities down to 5%).

Mechanical compaction of sedimentary rocks is a stress-dependent process that leads to
porosity reduction and velocity increase (Figure 3). This process is dominant in pelagic
carbonate deposits during their initial compaction from c. 70% to some 45-40%. At this
stage of compaction another stress-dependent process takes over, viz. pressure dissolu-
tion of calcite at local silicate-enriched intervals. This process leads to the formation of sty-
lolites that start to form at around 45% porosity. The combination of mechanical and chemi-
cal compaction thus leads to stress-dependent porosity reduction in chalk even to very
small porosities.

We have observed a pronounced drop in chalk porosity (and a corresponding increase in
velocity) over a narrow interval in effective depth around 1700-1800 m (Figures 2, 3). For
simplicity we refer to this sharp change in chalk properties as the ‘cementation front’, be-
cause this change corresponds to a sudden increase in the degree of cementation of the
chalk that leads to pore-filling cementation and stiffening of the grain contacts. The front is
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observed in the Tor as wells as Hod Formations where (minimum) velocity cross c. 4.5
km/s and (maximum) porosity cross c. 15%.

Petrography reveals no sign of pressure dissolution at contacts between calcite particles,
so the cementation front is apparently not caused by a change in pressure dissolution re-
gime. Rather we suggest that the ‘cementation front’ can be explained by a drop in the Biot
factor when chalk porosity is less than 20% porosity. The Biot factor, � (or the coefficient of
internal deformation), determines the relation between total stress (S), effective stress (Seff)
and formation pressure (P) as defined by Terzaghi’s equation:

PSS eff ��� � (2)

� equals 1 for high-porosity sediments, so a reduction in � will lead to an increase in the
effective stress exerted on the chalk for constant pressure. The exact value of � can be
difficult to determine, but geomechanical tests show that � is reduced below c. 20% poros-
ity in agreement with our observation of increased cementation around that porosity. One
interpretation of the cementation front is thus that it represents the limit where � becomes
less than 1 and thus causes a sudden increase in effective stress and a corresponding
reduction in porosity. This reduction leads to further decline in � and the chalk thus experi-
ences a kind of ‘snowball’ effect where the acoustic properties are drastically altered.

Deviations between the general relation between chalk porosity and effective depth occur
e.g. in the Rigs-2 well where a porosity of 45% corresponds to a c. 400 m more shallow
effective burial than the present (in contrast to the SA-1 well where porosity and effective
depth match). One explanation of this deviation is introduction of hydrocarbons in the chalk
at an early stage when the effective burial was less than today, leading to a blocking of the
pressure dissolution process and thus to preservation of porosity. Correspondingly, the
porosity of 45% appears to correspond to the limit of mechanical compaction of chalk.

Clay and quartz content and velocity-porosity relations for
chalk
There is a clear separation between the lithostratigraphic formations in terms of the relation
between velocity and porosity (Figure 4). The Tor data plot along a long and narrow trend,
whereas Hod data typically plot as a cluster of points with low porosity and Ekofisk data
either plot along the Tor trend (Ekofisk porous) or as data points with low velocity-porosity
values (Ekofisk tight). This distinction corresponds to the differences in the gamma log: low
gamma in Tor and parts of Ekofisk and typically higher values for most of Hod and Ekofisk
(pure Hod chalk occurs in the southern part of the Danish Central Graben).

The gamma ray log thus gives important information for evaluating the acoustic properties
of the chalk. The typical level for the GR readings is just below 10 API for pure chalk with
maxima up to c. 20 API in the less pure chalk (depending on calibration). Differences in
hole size, mud type, and calibration of the gamma tool may be the reason why the same
relative variations are found for chalk in other wells – only with a much higher base level.
The true variations of the gamma radiation in the chalk may also be obscured by potassium
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content of the drilling mud. Comparison between nearby wells may reveal what level and
variation that represent the true gamma response of the chalk in an area.

We have observed differences between the sonic log data from wells across the study area
(Figure 5). These differences are particularly clear when shear-wave data are available,
and thus we found that both P- and S-wave velocities in the Jette-1 well tend to be larger at
same porosity levels than in the Isak-1 and Sine-1 wells, while the Vp/Vs ratio is smaller in
Jette-1 (relative to the South Arne Field, Jette-1 is located c. 10 km west , Isak-1 c. 35 km
to the west and Sine-1 c. 110 km towards south-east. The chalk sections in Jette-1 and
Sine-1 are c. 1 km thick, in Isak-1 c 0.3 km; the overburden for the chalk in Isak-1 and
Jette-1 is c. 3 km, whereas the overburden for Sine-1 is only c. 2 km).

Depositional differences are not likely to cause the different velocity-porosity relations that
we observe between log data from thick sections of chalk: The chalk originates from pe-
lagic carbonates that were deposited in an open marine environment where large variations
do not persist over small distances over million of years such as when we consider sedi-
mentary sections that were deposited during the Late Cretaceous, a time span of c. 40 mil-
lion years. Post-depositional differences between the development of the chalk in these
wells are thus likely causes, but neither effective stress nor temperature can explain the
differences: The chalk in Jette-1 and Isak-1 is found at about the same temperature and
stress regime.

Chalk originates from a pelagic sediment with varying content of biogenic opal, which will
be transformed to quartz upon burial. Petrographical data show that diagenetic quartz may
reside in the chalk in two ways: Where the quartz is dispersed in the pores it only contrib-
utes little to the stiffness of the chalk (Figure 6); whereas where quartz is integrated in the
supporting frame of the chalk it has a significant effect on the chalk stiffness (Figure 7).
Quartz may thus have significant effect in some wells, in others not, even when the overall
lithological composition is the same. The acoustic properties of the investigated samples
depend on the mineral composition (Figure 8), and they may be modelled from an isotropic
rock physics iso-frame model by taking these effects into consideration (Figure 9).

Alternatively the velocity-porosity log data can be compared with rock physics ellipsoidal
pore models (Figure 5). This comparison suggests that the chalk in Jette-1 have stiffer
pores than in Isak-1 and that the mineral end-point properties are different for the two wells.
The end-point moduli were adjusted to find model predictions consistent with both P- and
S-wave velocity data. Taking the properties of the Isak-1 mineral as the calcite end-
member, the Jette-1 properties correspond to the theoretically expected value for a mixture
of 80% calcite and 20% quartz. If the quartz is integrated in the supporting frame, the result
would be a more rigid pore space and thus explain that the chalk in Jette-1 has stiffer pores
than in Isak-1.

It is a possibility that the fluid history of the chalk could hold the key to understanding the
different velocity-porosity relations that appear to occur at random relative to depositional
environment and overburden properties. Expulsion of brine from the deep, high-pressure
and high-temperature source rocks of Jurassic age along active faults and fracture systems
could lead to the introduction of additional quartz into the chalk and thus to the observed
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differences. The Jette-1 well is thus located close to a major fault that is connected to an
active hydrocarbon kitchen further towards northwest, whereas the Isak-1 and the Sine-1
well are far from areas where hydrocarbons and brine are actively being expelled.

Evaluation of velocities estimated from seismic processing
We have analysed a subset of a seismic velocity cube from the north eastern quadrant of
the South Arne Field and compared it with a normal velocity-depth trend for the chalk (Fig-
ure 10). The chalk velocities in this cube show a clear depth-dependency that corresponds
to the normal trend, but the absolute velocity level is, however, clearly tied up with well data
from the Rigs-2 well, and this may result in down-flank propagation of the properties of the
chalk in this well. The Rigs-2 well (and immediate vicinity) is, however, probably a local
anomaly due to porosity preservation from early hydrocarbon invasion. Chalk velocities in
the well are too low compared to the normal trend even when the overpressure is taken into
account (eq. 1), and the present effective burial of the chalk is thus c. 400 m deeper than
predicted after correction for fluid effects (oil content) on velocity. The down flank velocity
prediction from the seismic velocity cube is therefore expected to be wrong.

Testing low frequency modelling
A test on possible improvements on low frequency models for seismic inversion based on
CBV studies has been performed on a random 2-D line connecting the Jette-1, Rigs-2 and
Modi-1 wells. It was found that construction of pseudo wells based on porosity reduction
with effective stress to support construction of the low frequency model caused noticeable
improvements in the predictive capability of inversion results. In the selected case, the
“cementation front” (as mentioned above) caused non-linear effects in the spatial variation
of acoustic properties that could be remedied by inserting pseudo wells. At the Modi-1 well
which lack sonic logs, conversion of porosity to acoustic impedance and creation of a
pseudo well based on Jette-1 proved equally powerful as support for low frequency model-
ling.
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Figure 1.   Location map for wells in this report. Fault pattern after Britze et al. 1995.
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Figure 2.  Sonic and porosity log data versus actual depth and effective depth for the Jette-
1 and Sine-1 wells (colorcoded by formation). After correction for the effect of overpressure
(arrows corresponding to chalk formation overpressure of 6.5 and 14.5 MPa; see eq. 1) the
log data overlap and reveal a pronounced change for effective depths around c. 1.8 km (the
cementation front). These observations indicate that porosity-reduction in chalk is con-
trolled by effective stress. Note that the shown reference lines do not predict the changes
below the cementation front. The data are averaged over 20 m intervals.

Figure 3.  Sketch of porosity reduction in chalk versus effective depth (depth corrected for
overpressure, equation 1). Mechanical compaction is the dominating porosity-reducing pro-
cess during the more shallow burial of pelagic carbonates, whereas stress-induced dissolu-
tion are dominates at greater burial (porosities less than c. 45%). A pronounced drop in
porosity occurs at an effective depth of c. 1700 – 1800 m. This may be explained by rapidly
increasing effective stress due to a drop in the Biot factor around a porosity of c. 20% (eq.
2).
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Figure 4.   Plots of P-velocity versus porosity in Jette-1, color-coded by gamma ray. The
clean Tor Formation has little variation with gamma ray, whereas the clay-bearing Ekofisk
and Hod Formations have a large variation in gamma ray and a corresponding spread in
Vp vs porosity (apparent aspect ratios). This spread thus probably reflects the presence of
clay. Plots of Ekofisk, Tor, and Hod formations are shown together (upper left) and sepa-
rately. Superimposed: Ellipsoidal pore models for different aspect ratios (Berryman 1995).
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Figure 5.  Plots for the Ekofisk, Tor, and Hod Formations of wells Isak-1 (left) and Jette-1
(right). Comparison with rock physics ellipsoidal pore models suggest that the chalk in
Jette-1 have stiffer pores than in Isak-1 and that the mineral end-point properties are differ-
ent for the two wells. Taking the properties of the Isak-1 mineral as the calcite end-member,
the Jette-1 properties correspond to a mixture of 80% calcite and 20% quartz. If the quartz
is integrated in the supporting frame, the result would be a more rigid pore space and thus
explain that the chalk in Jette-1 have stiffer pores than in Isak-1. Mineral bulk and shear
moduli used in the modeling are labelled in the bottom figures. Superimposed: Ellipsoidal
pore models for different aspect ratios (Berryman 1995).
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Figure 6. Baron-2 sample 24. Backscatter electron micrographs, Depth 2844 m effective
depth 1716 m (�=0.8 based on acoustic data)., Ekofisk Formation, Mudstone, 79% calcite,
12% quartz, 3% feldspar <1% clay (smectite) He-porosity 22.31%. The quartz is seen as
tiny grey particles (e.g. within the red circle) mainly disseminated in the pores (calcite white,
porosity black). Iso-frame modelling indicates that 8% out of the 12% quartz does not con-
tribute to the supporting frame.

 

   

Figure 7. Gert-1 sample 13. Backscatter electron micrographs. Depth 3875 m effective
depth 3220 m (�=0.6 based on acoustic data). Hidra Formation, Mud-wackestone, 69%
calcite (Fe-bearing cement) 18% quartz, 4% feldspar, tr. TiO2 He-porosity 11.58%. The
quartz (light grey; e.g. within the red circle) is integrated in the solid frame -17% out of the
18% according to iso-frame modeling (calcite white, porosity black).
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Figure 8.  Plot of Vp-Vs ratio versus porosity (upper part) and Vp versus porosity (lower
part) for chalk samples investigated in this study plus South Arne samples (dry samples to
the left and water saturated samples to the right). A very high correlation is observed be-
tween Vp and porosity for clay-free samples (non-green) and a high dependency on fluid
content of Vp/Vs. The Vp-Vs ratio also reflects the mineral composition of the chalk: high
values are observed for clay-rich wet samples and low values for quartz-rich samples (yel-
low). Legend in Figure 9.
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Figure 9.  Isoframe (IF) modelling of core data (high IF-value corresponds to high degree
of cementation). IF (dry) versus depth (left panel); IF (dry) versus effective stress calculated
for the Biot factor, �=1 (middle panel: maximum � giving minimum effective stress); IF (dry)
versus effective stress calculated for � based on acoustic data (right panel: minimum �
giving maximum effective stress). Effective stress calculated from Equation (2) with two
estimates of � results in a range of possible values of effective stress. Wet P-wave and
shear data indicate the same IF as dry P-wave data (M-dry), whereas dry shear data indi-
cate IF’s generally higher by 0.05. Plot of depth versus � calculated from acoustic data
(lower right). M: mudstone; P: packstone; W: wackestone.
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Figure 10.   Original stacking velocities for Tor Formation (red dots) from the north eastern
quadrant of the South Arne Field. After a depth shift of 1800 m, the population (magenta)
falls on the normal velocity-depth trend (blue line; Japsen 2000). This depth shift is larger
than predicted by equation (1) for the South Arne chalk overpressure of c. 15 MPa. This is
probably because the stacking velocities have been tied to the Rigs-2 wells where porosi-
ties are high due to early hydrocarbon entry. The stacking velocities thus fails to match the
velocity of the down-flank Iris-1 well.
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Figure 11.   Acoustic impedance (AI) from inversion of seismic data near the Jette-1 well
(inserted). Left panel shows blind test result for Jette-1; right panel shows the result where
Jette-1 is included. The blind test is based on depth-dependent porosity reduction, but does
not include the extra porosity reduction related to the ‘cementation front’ at c. 1800 m effec-
tive depth (c. 3.1 s TWT for the Jette-1 well). The blind test thus predicts too low imped-
ance (too high porosity) particularly in the deep part of the chalk (left panel).

Figure 12.   Acoustic impedance section across the South Arne Field. The result of the
inversion shows good match with Modi-1 to the east and the adjusted result based on in-
clusion of the Jette-1 well to the west. Note the change in seismic character below c. 3.1 s
TWT west of South Arne, where the predicted high impedance (low porosity) corresponds
to the ‘cementation front’ at that depth.
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Abstracts of reports

Inversion for acoustic impedance with low-frequency informa-
tion based on the CBV model. Testing predictions of Jette-1
and Modi-1
Anders Bruun, Rasmus Rasmusen and Ole V. Vejbæk
Ødegaard Report 03.24033.02, 2005

Abstract. A test on possible improvements on low frequency models for seismic inversion
based on CBV studies has been performed on a random 2-D line connecting the Jette-1,
Rigs-2 and Modi-1 wells. It was found that construction of pseudo wells to support con-
struction of the low frequency model caused noticeable improvements in the predictive ca-
pability of inversion results. In the selected case, the “cementation front” causes non-linear
effects in the spatial variation of acoustic properties that could be remedied by inserting
pseudo wells. At the Modi-1 well which lack sonic logs, conversion of porosity to acoustic
impedance and creation of a pseudo well based on Jette-1 proved equally powerful as
support for low frequency modelling.

Selection of samples. Chalk background velocity
E&R-1. E&R DTU 2003
Ida F. Fabricius and Niels Springer

Abstract. In order to evaluate the variation in background velocity in chalk for seismic in-
terpretation, we need to address the influence of mineralogy and texture. For this purpose
we sampled cores from the water zone of eight wells in the North Sea. The sampling inter-
vals were selected based on available conventional core analysis data, ensuring the maxi-
mal variation in depth, effective depth, porosity, and permeability. Four 1½ inch vertical
plugs were sampled from each of the wells: Q-1, Otto-1, T-3, Gert-1, West Lulu-1, Baron-2,
I-1, and Cecilie-1B. Oil stained intervals, fractures, marly zones and stylolites were avoided,
except for in well I-1, where no unstained intervals were found. The 32 core samples were
characterised by conventional core analysis before final sampling. Final sampling was
based on plug condition and so as to avoid duplication of properties. The number of sam-
ples was hereby reduced to 21, of which one failed during sonic measurements. Stratigra-
phy was not taken into account in the process of sampling. The resulting 20 samples repre-
sent the Ekofisk Formation, Tor Formation, Hod Formation, Hidra Formation, and Sola
Formation.
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Sample characterisation report for the chalk background ve-
locity project
Ida L. Fabricius and Sinh H. Nguyen
E&R-2. E&R DTU 2005

Abstract. The 21 samples resulting from final selection were characterised with respect to
petrography, mineralogy, chemistry, and selected physical properties: Specific surface by
nitrogen adsorption (BET) and stable isotopes. The samples have texture varying from
mudstones to packstones. Calcite is the dominating mineral, but the solid phase contains
up to 11% clay and up to 19% quartz. In some samples, the quartz may be fine-grained
and dispersed in the pore space, in others the quartz is integrated into the solid frame. Im-
age analysis was done on backscatter electron micrographs of polished thin sections, and
a textural-mineralogical model was made for each samples. This model formed the basis
for iso-frame (IF) modeling of shear- and P-wave moduli of dry and water saturated sam-
ples. Wet P-wave and shear data as well as dry P-wave data for each sample could be
modeled by the same IF. Shear data for dry samples indicate a c. 0.05 higher IF-value than
for the corresponding water-saturated sample. Data from the South Arne field from earlier
rock physics projects were included in the interpretation and trends in properties versus
depth and versus effective vertical stress were compared. Whereas clear depth trends
were difficult to define, trends with respect to vertical effective stress could be seen for po-
rosity, IF, �18O, acoustic impedance, and Poisson’s ratio. In addition porosity is controlled
by texture and mineralogy. The effective stress was calculated from Terzaghi’s equation
with minimum estimates of the Biot factor based on acoustic data (resulting in maximum
estimates of effective stress). This indicates that the burial diagenesis is primarily controlled
by stress (effective burial), rather than temperature (depth). Data from the South Arne field
are distinctly anomalous when plotted versus depth, but fall into the general trend when
plotted versus effective vertical stress.

Chalk background velocity. Well log analysis
Lars Gommesen
Ødegaard Report 03.24033.01, 2005

Abstract. A database of quality controlled well log data originating from the Danish North
Sea has been established for 29 wells with focus of the chalk interval. Based on these data
dry rock properties have been derived. All wells have bulk density and compressional slow-
ness provided and seven wells also had shear slowness provided (+ one side track). Vol-
ume of clay, porosity or water saturation interpretations were provided for 24 wells and for
seven wells core measurements (e.g. porosity and density). The quality of the well log data
is generally good and corrections were only necessary for few wells: Minor edits were per-
formed for five wells and depth alignments for three wells. The petrophysical analysis was
aimed at performing consistent interpretations of the volume of clay, porosity and brine
saturation. This analysis showed a good match between the provided interpretation of clay
and that carried out in this study, and between the provided porosity and brine saturation
curves and those established in this study. Differences between the porosity estimates in
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some cases may be explained by choice of method (e.g. density derived estimates versus
neutron porosity derived estimates) or by difference in choice of matrix density for the den-
sity derived estimates. The rock physics analysis was aimed at estimating Biot’s coefficient
from log data (bulk density, and dry-rock compressional and shear velocity) in order to es-
timate the effective stress.

Lithostratigraphy and physical properties of the Chalk Group
from Danish North Sea wells
Peter Japsen, Finn Jacobsen and Torben Bidstrup
GEUS Rapport 2005/7

Abstract. The Chalk Group in 29 Danish North Sea wells centred around the South Arne
Field has been subdivided into lithostratigraphic units based on bio- and log-stratigraphy.
The subdivision includes the Ekofisk, Tor, Hod, Blodøks and Hidra Formations. The inter-
face between the Tor and Hod Formations is defined by referring the surface to the major,
Intra-Chalk Unconformity associated with the Late Campanian inversion of the Central
Graben area. Chalk formation pressure was estimated based on available well data that
are generally from the uppermost chalk. The data agrees with the pattern of overpressure
due to disequillibrium compaction in the central North Sea. In Danish waters chalk forma-
tion overpressure exceeds 15 MPa towards the north (e.g. the South Arne Field) and de-
creases towards the south where 8 MPa is estimated for the Skjold Flank-1 well. Tem-
perature at top and base chalk was estimated based on the temperature gradient calcu-
lated from available down-hole temperature measurements and a reduced chalk tempera-
ture gradient. Minimum temperature at top chalk for the wells studied was c. 70�C and
maximum temperature at base chalk c. 125�C. The relations between velocity, porosity and
depth for the chalk was studied based on log data (seven wells had S-wave logs). Plots of
porosity versus porosity indicate a separation between the formations correlated with the
gamma readings and there is an overall drop in porosity with depth and a corresponding
increase in velocity. Moreover, there is a pronounced change in velocity and porosity over a
narrow depth interval (the ‘cementation front’) corresponding to c. 1700-1800 m effective
depth (depth corrected for overpressure). Different relations between velocity and porosity
were observed for chalk at similar effective depth and temperature conditions.

Rock physics analysis of velocity differences in the chalks of
wells Jette-1 and Isak-1
Gary Mavko and Peter Japsen
GEUS rapport 2005/16

Abstract. Differences between the sonic log data from wells Jette-1 and Isak-1 have been
observed in the chalks of the Ekofisk, Tor, and Hod Formations. Both P- and S-wave ve-
locities in Jette-1 tend to be larger than in Isak-1, while the Vp/Vs ratio is smaller in Jette-1.
Comparison with rock physics ellipsoidal pore models suggest that the chalk in Jette-1
have stiffer pores than in Isak-1 and that the mineral end-point properties are different for
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the two wells. The moduli were adjusted empirically to find model predictions consistent
with both P- and S-wave velocity data because the ellipsoidal inclusion model is very sen-
sitive to the choice of mineral properties. The mineral moduli for Isak-1 were found to be
K=67 GPa, G=23 GPa and those for Jette-1 K=60 GPa, G=27 GPa. Taking the properties
of the Isak-1 mineral as the calcite end-member, the Jette-1 properties correspond to the
theoretically expected value for a mixture of 80% calcite and 20% quartz. If the quartz fills
the thinnest cracks and grain contacts the result would be a more rigid pore space and thus
explain that the chalk in Jette-1 have stiffer pores than in Isak-1. The clean Tor Formation
has little variation with gamma ray, whereas the clay-bearing Ekofisk and Hod Formations
have a large variation in gamma ray and a corresponding spread in Vp vs porosity (appar-
ent aspect ratios). This spread thus probably reflects the presence of clay, rather than a
systematic change in pore shape. Velocities in Isak-1 increase monotonically with depth
without a significant change of pore shape (porosities decreasing from 25% to less than
10%), while in Jette-1 the velocities are not well correlated with depth.

Special core analysis for chalk background velocity project. Ul-
trasonic velocity measurements on plug samples of chalk from
the wells Q-1, Otto-1, T-3, Gert-1, West Lulu-1, Baron-2, I-1 and
Cecilie-1B
Dan Olsen
GEUS Rapport 2004/106

Abstract. GEUS Core Laboratory has carried out ultrasonic velocity measurements on
twenty 1.5" plug samples from 8 wells in the Danish Central Graben. The stratigraphic po-
sition of the samples ranges from the Tuxen Formation to the Ekofisk Formation (Lower
Cretaceous–Paleocene). The sample porosity ranges from 3.7% to 26.9% and the perme-
ability from 0.002 to 0.86 mD. P- and S- wave velocities were measured at a hydrostatic con-
fining pressure of 75 bar and 23�C on dry samples in humidity controlled state (60�C, 40%RH)
as well as on water saturated samples. Two of the samples were also measured at hydrostatic
confining pressures of 125 and 200 bar. For measurements in the water-saturated state, esti-
mates of pore volume compression and length reduction were obtained by quantification of the
amount of water expelled during sample loading. Centre frequencies of 700 kHz were used
for the measurements. Precision and reproducibility of the ultrasonic velocity determina-
tions are considered to be better than 1% (1 � level). This is estimated from replicate
measurements, standard measurements and repeat measurements on two chalk samples
where measurements from a previous project existed. For some samples in humidity con-
trolled state reproducibility may have deteriorated to 2%, probably due to difficulty with
controlling the saturation state of clay minerals. The equilibration at humidity controlled
conditions increased the weight of the samples by from nil to 0.5 g, corresponding to Sw

increases between 0 and 19%, the reference state being drying at 60�C without humidity
control. The measured ultrasonic velocities appear to be in reasonable agreement with the
modified upper Hashin-Shtrikman model for chalk. Both P- and S-velocities increased 0.3%
for a sample with 11% porosity after increasing hydrostatic pressure from 75 to 200 bar. P-
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velocity increased 1.9% and S-velocity 1.3% for a sample with 22% porosity after a similar
pressure increase.

Seismic velocities in the chalk, NE part of the South Arne Field
Ole Vejbæk and Peter Japsen
GEUS Rapport 2005/23

Abstract. A subset of a seismic velocity cube from the north eastern quadrant of the South
Arne Field has been analysed for consistency with general chalk velocity models. The cube
covers the Rigs-2 and Modi-1 well among others. The chalk velocities in this cube show a
clear depth-dependency that corresponds to the prediction of the general model. The ab-
solute level of the velocities are, however, clearly tied up with well data from the Rigs-2
well, and this may result in down-flank propagation of the properties of the chalk in this well.
The velocity at the Rigs-2 well location is seen to be smoothly continuous with the entire
east flank velocity distribution such that only gradual depth dependencies are seen. How-
ever, the Rigs-2 well (and immediate vicinity) is probably a local anomaly due to porosity
preservation from early hydrocarbon invasion (resulting in high porosity and low velocity in
both Tor and Ekofisk Formations). Velocities in the Rigs-2 well are over 1000 m/sec too low
compared to a normal velocity-depth trend even considering observed excess fluid pres-
sures. Of these 1000 m/sec about 200 may be attributed to fluid effects (oil content) leaving
about 800 m/sec to be attributed to porosity preservation from early hydrocarbon invasion.
This corresponds to a c. 400 m shallower burial than the present. The down flank velocity
prediction from the seismic velocity cube is therefore expected to be wrong.
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Introduction 

In order to evaluate the variation in background velocity in chalk for seismic interpretation, we need to 
address the influence of mineralogy and texture. For this purpose we sampled cores from the water 
zone of eight wells in the North Sea. The sampling intervals were selected based on available 
conventional core analysis data, ensuring the maximal variation in depth, effective depth, porosity, and 
permeability. The effective depth was estimated in two ways: 1. by simply subtracting the 
overpressure from the overburden stress, and 2. by taking Biot's coefficient into account (see abstract 
by Japsen et al., this volwne, for overpressure data refer Japsen (1998)). The Biot coefficient, 13, was 
calculated from data for dry samples as: 13 = p(v/ - 4!3vs2)~tcite, where p is density, Vp is P-wave 
velocity, Vs is shear wave velocity, and l<aicite is bulk modulus of calcite. The progressing sample 
stiffening with effective depth was described by an isoframe model (Fabricius 2003). For this purpose 
a critical porosity of 60% was chosen (Anderson 1999). 

Thin Over- 75 bar hydrostat. pressure Selected solid phase 
Core samples Depth section pres- He- components, from XRD 

sure poro- Air dried Water sat. and AAS 

Well Forma-
TYO ~p sity Chio- Kao-

Quartz lion Dunham Vp Vs Vp Vs rite linite 
texture 

MPa % m/s m/s m/s m/s % % % m 

Q-1 Ekofisk 3049 Wackes. 14.5 14.35 3948 2467 3863 2011 6.6 5.8 

Q-1 Ekofisk 3051 Packs. 14.5 8.97 3809 2486 4001 11.0 3.8 

Q-1 Ekofisk 3053 Muds. 14.5 14.43 4566 2687 4470 2471 3.9 19.3 

0-1 Ekofisk 3056 Packs. 14.5 9.91 4999 2917 4984 2749 13.7 

Otto-1 Hod 2555 Muds. 14.6 19.23 4011 2434 4106 2265 2.1 1.1 

Otto-1 Hod 2558 Muds. 14.6 20.72 4043 2424 4112 2259 0.7 0.6 

T-3 Tor 2535 Wackes. 14.60 19.1 3924 2377 3974 2173 1.2 0.5 

T-3 Tor 2561 Muds. 14.60 24.77 3560 2161 3620 1951 1.1 0.7 

Gert-1 Hidra 3875 Muds. 16.4 11.28 4921 2926 4892 2797 17.8 

Gert-1 Hidra 3877 Wackes. 16.4 6.85 5079 3044 5119 15.1 

Gert-1 Hidra 3881 Packs. 16.4 3.7 4700 2785 4850 5.2 3.2 

Wlulu-1 Hod 3361 Muds. 13.90 6.32 5525 3070 5498 2955 1.4 1.9 

Wlulu-1 Hod 3378 Muds. 13.90 8.01 5235 2988 5228 2833 1.9 1.5 

Baron-2 Ekofisk 2833 Muds. 17.30 26.9 3588 2182 3471 1865 2.0 8.9 

Baron-2 Ekofisk 2836 Muds. 17.30 24.69 3470 2164 3425 1826 3.0 10.8 

Baron-2 Ekofisk 2837 Muds. 17.30 16.68 4405 2638 4319 2425 18.3 

Baron-2 Ekofisk 2844 Muds. 17.30 21.87 3765 2308 3784 2066 0.3 11.5 

1-1 Tuxen 2861 Muds. 14.9 26.73 3156 2083 3185 1753 0.6 5.2 1.6 

Cecilie-18 Ekofisk 2365 Muds. 2.70 14.9 4 .1 9.1 

Cecilie-1B Ekoflsk 2370 Muds. 2.70 22.36 3868 2338 3807 2065 2.3 3.8 

Cecilie-18 Ekofisk 2383 Muds. 2.70 7.21 4853 2837 4832 2589 2.1 12.7 
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Figure I . Control of texture on porosity and of quartz content on sonic velocity. Backscatter electron 
micrographs of samples from well Q-1. Light patches are cemented microfossils, pore-space is black. The well 
sorted samples (I and 3) have higher porosity (14%) than the less well sorted samples (2 and 4) (porosity: 9%-
10% ). The quartz rich samples (3 and 4) have higher sonic velocity than the quartz poor samples ( l and 2). The 
samples are collected within a 7 m depth range. Refer to table. 

Method 

The samples were studied by conventional core analysis and P- and S-wave velocities were measured 
on dry and on water saturated samples under hydrostatic pressure (table). The texture and mineralogy 
were studied in thin section, backscatter electron micrography combined with EDS, X-ray diffraction, 
and wet chemical analysis (AAS). 

Results 

Porosity and sonic velocity are both primarily controlled by effective burial, so that velocity increases 
and porosity declines with depth. In order to clearly see this effect, the Biot coefficient must be taken 
into account. For a given burial depth, the Biot coefficient varies with texture and mineralogy, so that 
samples with low porosity tend to have higher Biot coefficient and consequent deeper effective burial. 
For a given (effective) burial, porosity is mainly controlled by texture, sonic velocity mainly by 
mineralogy: Mudstones tend to have higher porosity than wackestones and packstones. Calcite rich 
samples tend to have high Vp, quartz-bearing samples tend to have high v8, and clay rich samples tend 
to have low velocity (Figure 1, 2). 

For each dominating mineralogy, elastic moduli increase and porosity decreases with effective depth 
(Figure 3). From 30% to 20% porosity, IF increases from 0.8 to 0.9, and depth trends representing 
different mineralogy are close. From 20% to 5% porosity the moduli follow different trends depending 
on mineralogy. For P-wave modulus, purely calcitic samples follow the highest trend, quartz-rich 
samples a lower trend, and clay-rich samples the lowest trend. For shear moduli, quartz rich 
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Figure 2. Porosity, P-wave velocity, vp, of dry samples, and Biot's coefficient, 13, as function of vertical depth 
(top), effective depth under assumption of 13 = I (middle) or 13 calculated from dry velocities (base). For a given 
depth, porosity, vp and 13 are all controlled by texture and mineralogy, but porosity is primarily controlled by 
texture, whereas Vp and 13 are primarily controlled by mineralogy. Depth trends for porosity and vp are only 
vague. When depth is replaced by effective depth assuming 13 =I, the trends are slightly more visible, but when a 
13 calculated from velocity is used, marked depth trends appear. For legend see Figure 3. 
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Figure 3. Iso-frame modeling of elastic moduli of water saturated samples. The modified Hashin-Shtrikman 
bounds for P-wave modulus (p v/) and shear modulus (p v8 

2
) are modeled under assumption of a pure calcite 

mineralogy. Each black IF-curve represents a constant proportion of the solid in the supporting frame. The 
colored lines connect samples of increasing effective depth asswning varying Jl vp/v8 is modeled under 
assumption of a constant proportion of solid in the supporting frame (IF) and a varying proportions of calcite and 
quartz. 

samples follow the highest trend, purely calcitic samples a lower trend, and clay-rich samples the 
lowest trend. This is probably a consequence of quartz having the highest shear modulus, calcite the 
highest P-wave modulus, and clay the lowest moduli. Vp/Vs exposes the effect of mineralogy (Figure 
3). Quartz rich samples have lower vp/vs than calcite rich, which again have lower vp/v8 than clay rich 
samples. Whereas modeling P-wave modulus and shear moduls from an iso-frame concept is relatively 
robust, modeling vp/vs is more delicate. The presented model seems to over-predict the quartz content. 
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The relative variations in acoustic impedance and hence porosity may be determined by 
inversion of seismic data. The estimation of the absolute level of these parametres, however, 
requires a priori knowledge about the low-frequent, background velocity. We find that the 
background velocity of the North Sea chalk is primarily controlled by effective stress: 
velocity and porosity log data for chalk in two wells plotted versus effective depth match 
published reference lines for normally compacted chalk above c. 1.8 km. Effective depth is 
depth corrected for the effect of overpressure. Below that depth we observe a significant drop 
in porosity and an increase in velocity that possibly may be explained by a decrease in the 
Biot factor leading to an increase in effective stress and hence in pore-filling cementation 
originating from pressure dissolution along stylolites. Moreover, we observe different 
velocity-porosity relation for the chalk in the two wells leading to differences in porosity of 
some 5% for identical values of velocity for apparently pure chalk. These variations may be 
related to differences in contact cementation between the poorly cemented and stiffer pore 
shapes (possibly affected by quartz-overcoating). The non-unique velocity-porosity relation 
for chalk will lead to variability in the estimation of porosity from seismic data because one 
impedance value may represent a range of porosities. 

Introduction 

The background velocity of a depth interval - or the low-frequency velocity variations -
defme the absolute level of the sonic velocity. This background velocity cannot be resolved 
from reflection seismic data that depend on relatively high-frequency variations of the 
acoustic impedance. Consequently, the background velocity has to be estimated from e.g. 
near-by wells before seismic data can be inverted to porosity of the right magnitude. Here we 
investigate the controls on the regional variations of the background velocity of the Upper 
Cretaceous-Danian Chalk Group in the central North Sea. 

Terzaghi's principle states that the weight of the overburden per unit area, S, is borne partly 
by the rock matrix and partly by the pore fluid: S = Self + P · P , where Self is the effective 

stress transmitted through the matrix, P is the formation pressure and p the Biot factor that 
ranges between O and 1 (/J = 1 for high-porosity rocks). If a rock is more deeply buried without 
change in effective stress, the added load is carried by an increase in pore pressure, Al'. We 
can rewrite Terzaghi's equation in terms of the gravitational acceleration, g=9.807 m/s2

, 

average bulk density, Pi,:::::2 g/cm3, and pore fluid density, p0 :::::1 g/cm3
, of the added 

overburden: 

(1) 
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where Z is the actual depth of the rock and Zeff is the effective depth corresponding to the 
depth where the effective stress would occur during normal compaction. For P=l we get Zeff-;:i 
Z - Af>-100, and for P=0.5 we get Zeff-;:i Z - Af>-33 (Zin metres, Af> in MPa) (cf. Japsen 1998). 

Data 

We have analyzed the variation of the acoustic properties of chalk based on log data from 29 
Danish wells in the central North Sea. All wells had P-wave sonic logs and 8 also S-wave 
logs. Of these wells we present data from the Sine-1 and Jette-1 wells both penetrating c. 1 
km thick, dry chalk sections (Figs l, 2). The absolute level of the gamma-readings in the 
wells is not comparable because of insufficient calibration of the gamma tools. Chalk 
formation overpressure was 6.5 MPa in the Sine-1 well, whereas the overpressure in the 1.2 
km more deeply buried chalk in the Jette-1 well is estimated to be 14.5 MPa as in a near-by 
well. 

Results 

Figure 3 shows a plot of the sonic and porosity logs for the chalk in the Sine-1 and Jette-I 
wells versus actual depth and effective depth assuming P= 1 (eq. 1). W,e observe that for 
effective depths less than c. 1.8 km, the data plot along the V-Z and V-(> reference curves for 
normally compacted chalk of Japsen (1998) and Sclater & Christie (1980). Below that depth a 
pronounced porosity drop and a corresponding velocity increase is observed over a short 
depth interval for both data sets. These observations imply that porosity reduction and 
velocity increase for chalk is governed by the effective stress for porosities less than c. 40% 
and that below some 20% a rapid increase in pore-filling cementation takes place. 

Figs. 1 and 2 show different V- (>relations for the chalk in the two wells. Chalk with low 
gamma-response has higher porosity for a given velocity in the Jette-I well than in the Sine-I 
well; e.g. for V=4.5 km/s, porosity is c. 15% and only c. 10% in the two wells, respectively. 
The difference between the two data sets is clear from the much lower V rVs ratios measured 
in the Jette- I well compared to the Sine- I well (Figs 1 d, 2d). There is a general symmetry 
between gamma log and the Vp/Vs log: low gamma readings for the Tor Formation in the 
Jette- I well correspond to low values of V p/Vs, and high values of these parameters for the 
Ekofisk and Hod formations (Figs la, 2a). This indicates that both gamma readings and VrVs 
ratios are indicators of the mineralogical composition. 

Discussion 

Pore-filling cementation 
Mechanical compaction is limited in chalk with porosity less than 40%, whereas porosity 
reduction due to cementation originating from pressure dissolution at stylolites starts around 
that porosity (Fabricius 2003). The match seen in Fig. 3 between velocity and porosity data 
versus effective depth and the reference curves (that were defined by identifying normally 
compacted chalk) above c. 1.8 km implies that the Biot factor must be close to I for chalk 
with porosities between c. 40 and 20%. The drop in porosity below that depth could imply the 
initiation of a new process related to pressure dissolution, but the drop could also be explained 
by a sharp reduction in the Biot factor for chalk with porosities less than some 20%: equation 
(1) shows that such a reduction would lead to an increase in effective depth as well as 
effective stress, and thus to accelerated pressure dissolution. A reduction of the Biot factor 
below 20% porosity has been observed for chalk based on acoustic (Gommesen et al. in 
review) and geotechnical data (Engstr01D. 1992). A similar behavior may be expected for the 
Biot factor estimated from loading of chalk across a geological basin over million of years. 
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Figure 3. Sonic and porosity log data vs actual depth and effective depth for j3=1 (colorcoded by formation). The 
data are averaged over 20 m intervals. After correction for the effect of overpressure (arrows; see eq. l) the log 
data overlap and reveal a pronounced change for effective depths around c. 1.8 km. These observations indicate 
that porosity-reduction in chalk is controlled by effective stress. 

Contact cementation 
We can compare the V-</> data with models that represent the pore space as a collection of 
ellipsoidal inclusions, ranging from flat penny-shaped cracks to spherical pores (Figs I, 2; 
Berryman 1995). The comparison suggests that the Jette-1 chalk has rounder, stiffer pores 
whereas the Sine-1 chalk has more compliant pores. The fact that the Sine- I data are 
consistent with a penny-shaped crack model does not mean that there must be cracks in the 
rock; poorly cemented, compliant grain contacts will yield the same elastic behavior. 

The causes behind these differences in pore stiffness are neither related to effective stress nor 
temperature. The chalk in the Sine- I and Jette-1 wells are subjected to effective stress in the 
same range (Fig. 3) and the Jette-I chalk differs from chalk in wells in the same temperature 
interval as it does relative to the more shallow and hence cooler Sine-1 chalk. 

One hypothesis for explaining the differences is that earlier in their burial history, chalk from 
both wells had similar microstructures with compliant grain-to-grain contacts, but that the 
Jette-I chalk later gained more cement preferentially deposited at grain contacts. An 
alternative hypothesis is that the greater stiffness of the chalk in the Jette-I well is due to 
quartz-coating of the calcite grains and consequently that the observed low V r Vs ratio 
reflects the mineral properties of quartz. Both hypotheses thus suggest that the post
depositional development of the chalk in the Jette- I well differs from that in the Sine-1 well. 
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Summary 

This report describes seismic inversion of a 2-D random line extracted from a 3-D data set covering the 
South Arne Field. The selected line connects the Jette-1 , Rigs-2 and Modi-I wells. 

A low frequency model is important input for seismic inversion. The aim of this work was to 
investigate if different ways of constructing the low frequency model needed for the inversion and test 
them by comparison to existing wells that are not used or only indirectly used as input to the inversion. 

The low frequency model is constructed either via standard model based extrapolation from 
existing wells or via insertion of supplementary calculated pseudo wells in combination with the 
standard extrapolation method. The novelty compared to a standard method is thus the construction and 
use of pseudo-wells. 

The results of the work show that: 

• Low frequency models for the South Arne field may be improved by incorporating pseudo 
wells constructed on the basis ofrock physics knowledge of North Sea chalk. 

• Simple depth trends supplemented with existing wells may be dangerous, if effects such as 
for instance the postulated "cementation front" causes non-linear effects on acoustic 
property - depth trends. 

lll 
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CHAPTER 1 

Chapter 1 

Introduction 

This report describes seismic inversion of a 2-D random line extracted from a 3-D data set covering the 
South Arne Field. 

The purpose of the inversion exercise is to investigate different ways of constructing the low 
frequency model needed for the inversion and test them by comparison to existing wells that are not 
used or only indirectly used as input to the inversion. The low frequency model is constructed either via 
standard model based extrapolation from existing wells or via insertion of supplementary calculated 
pseudo wells in combination with the standard extrapolation method. The novelty compared to a 
standard method is thus the construction and use of pseudo-wells. 

The selected line connects the Jette-I, Rigs-2 and Modi-I wells (Figure 1). 

Top Chalk depth structure map 

UTM·X 

Figure I. Location of the 2-D test line shown in red Contours are Top Chalk depths in metres. Blue 
polygons are approximate field outlines 



CHAPTER 1 

The pseudo well construction method uses an existing well that is modified in terms of degree of 
compaction and fluid content is altered to match expected conditions outside well control. The 
difference in depth between the original well site and a new site is used to calculate differences in the 
general porosity level as well as log sampling scale porosity variation. Subsequently changes in 
acoustic properties resulting from these porosity changes and possible differences in fluid content are 
calculated. Further detail in the modelling approach may be obtained from Vejba:k et al (2005). In this 
study we use the Jette-I well to construct two pseudo well locations along the seismic profile. These 
locations are on the profile: 

l. The immediate down-flank position west of the South Arne structure. 

2. The Modi-I well position on the east flank of the South Arne structure; hereafter referred to as 
Pseudo Modi-I. 

1.1 Seismic data 

The 2-D random line was cut out from the near stack 3-D data of the FEDA_PAM99 survey. Amerada 
Hess Denmark (see Figure I for location) supplied the seismic data. 
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Figure 2. Seismic random line used in the inversion. Vertical lines represent the location of Jette-], 
Rigs-2 and Modi-] wells. The extra pseudo well is located at about x-line 11900 and in-line 23160. 
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CHAPTER l 

1.2 Well data 

Sonic logs, density logs, check shot data and deviation surveys were available for the wells Jette-I , 
Rigs-2 and Modi-I. The Modi-I well is only supplied with synthetic sonic log constructed on the basis 
of the porosity log (and density log) via a porosity - acoustic impedance relationship. In the inversion 
procedure the Pseudo Modi well constructed on the basis of Jette-I was used. The Modi-1 well may 
thus be used as a test on the procedure for constructing pseudo wells. 

The I-Ix well is not located on the 2-D random line but only nearby within the 3-D cube. This well 
was used for wavelet extraction. 

Well UTM-X UTM-Y In-Line X-Line 

1-lX 577802 6212763 2671 1721 
Jette-1 567598 6215798 3277 2319 
Modi-1 576989 6218405 3098 1560 
Rigs-2 575835 6217754 3097 1666 

Table 1. Surface locations of wells in terms of UTM co-ordinates and in-line and cross-line numbers. 

1.3 Horizon data 

Amerada Hess supplied four horizons for guiding low frequency model building. These were Top 
Chalk, Top Tor, Base Tor and Base Chalk. 
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CHAPTER2 

Chapter 2 

Seismic inversion 

The seismic inversion included the following steps: 

• Logs from the wells were checked, converted from depth to TWT and calibrated against the 
seismic data. 

• Suites of wavelets were estimated from the I-lX well on the basis of a time domain-based 
least squares constant phase estimation method. 

• Two versions of 2D low-frequency acoustic impedance models were constructed on the 
basis of the acoustic impedance well logs and horizon data. 

The optimum inversion parameters were determined and the ISIS seismic inversion results 
computed. 

2.1 Log Alignment 

The sonic, density and check shot data were used to derive a calibrated acoustic impedance log and a 
calibrated reflectivity log for each well. During the calibration, the log data were resampled to the same 
sample interval of 4 ms as the seismic data. The wells were treated as vertical wells because of no 
available deviation surveys. 

The well logs within the seismic surveys were calibrated to the seismic data by comparing the 
synthetic seismic trace from each well with the seismic trace at the well location. 

6 
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Figure 3. Least squares wavelet estimation at the I-ix well. Bottom: Wavelet suite. The lengths of the 
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seismic trace obtained by convolution of the selected wavelet with the reflectivity log from the well 
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inserted into the seismic data. Top right: Amplitude spectra in the wavelet estimation window of the 
seismic trace at the well position and the synthetic seismic trace. Middle right: Phase and amplitude 
spectra of the selected wavelet. Bottom right Akaike's misfit criterion. 

2.2 Least squares constant phase wavelet estimation 

Wavelets were estimated for the 1-1 x well using the least squares estimation method in the time domain 
with constraints on phase. A number of estimation windows were tested. The wavelet experiments were 
performed for wavelet lengths from 20 to 200 ms using a step length of 4 ms in both cases. The wavelet 
suite containing the optimum wavelets estimated for the 1-lx well are plotted in Figure 3. Also plotted 
are spectra of the optimum wavelet; the amplitude spectra of the seismic data trace and the synthetic 
seismic trace in the wavelet estimation window; and the synthetic seismic trace inserted into the seismic 
data. The cross-correlations and relative misfit values are good. 

2.3 Seismic inversion 

This section describes the inversion parameters used for the final inversions and the seismic inversion 
results. The inversion window consists of 824 traces from the random line where inversion is performed 
in a window between 2.500 and 3.600 s TWT. Prior knowledge is needed for low frequencies not 
contained in the seismic data in the form of low frequency models (Figure 4). Two versions of a 2D 
low-frequency model were created. 
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Figure 4. Filer used to low pass filter the extrapolated well log data. 

The first model uses input of the well logs from Jette- I and Rigs-2 together with the pseudo wells 
described in the introduction (Figure 5). The well log data and pseudo well log acoustic impedances 
were extrapolated using the Top and Base Chalk horizons. The low frequency model was filtered using 
the filter showed in Figure 4. This case may serve as reference for model two, but a test in the form of a 
prediction ofModi-1 via the pseudo-well technique is also provided. 
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The second model uses the same approach but excluding the Jette-I well log data (see Figure 6). 
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Figure 5. Low frequency model used in the first inversion model. Showed are the wells - Jette-I, Pseudo 
well, Rigs-2 and a Pseudo Modi-I - which have been extrapolated along the seismic horizons. The 
pseudo well and Modi-I logs are calculated on basis of the Jette- I well (see introduction). 
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Figure 6 Low frequency information when using the Pseudo, Rigs-2 and Pseudo Modi-I well log data. 
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2.4 Determination of inversion parameters 

Table 2 shows the values of the seismic inversion parameters, which were determined by a 
parameter study and used in the final inversions. The inversion results are stable in the neighbourhood 
of the selected parameter values. 

The final seismic inversion modelled 87.5 % of the seismic energy. 

The match between the acoustic impedance results with low-frequency information and the acoustic 
impedance logs is considered to be good. 

Inversion parameter Value 
Si1mal-to-noise Ratio, RSNR 5 
Horizontal Continuity, RALPHA 0.06 
Deviation of the Prior Model, 0.08 
RSIGMA 
Threshold for Reflection Coefficients, 0.015 
Rl 

Table 2. Seismic inversion parameter values for the ISIS global seismic inversions. 

2.5 Inversion results 

The results obtained in the low frequency model tests are given as Figure 7 to Figure 9. 

The pseudo well to replace Modi-I is included in both models. It is seen that the absolute level of 
the Modi-I well is the same as seen in the log readings (Fig. 7). The log readings in this well are based 
on a back transformation of porosity to seismic impedance, whereas the seismic inversion and low 
frequency model is constrained by a pseudo well log constructed on the basis of J ette-1. 

The Rigs-2 well fits the inversion result excellently, but this well was also used as constraints on 
the low frequency model (Figure 7) 

The Jette-I well was included in one model and left out in the other (Fig. 8). Ideally the pseudo 
well on the South Arne west flank should help constrain the low frequency model on the western 
portion as it is only moderately shallower than the Jette-I well location. Results show that if Jette-I is 
taken out of the low frequency model, the absolute level of the acoustic impedances becomes too low 
equivalent to too high porosities, especially in the deeper portions of the chalk. This is interpreted to be 
related to rather non-linear (fairly abrupt) increases in velocity (and density) and associated porosity 
reductions caused by the "cementation front" occurring at effective depths of around 1800 m (Japsen et 
al. 2005). The lower two thirds of the chalk in this well is estimated to be deeper than the cementation 
front and thus to have very low porosity and high velocities. 
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Figure 7. Acoustic impedance log from the wells Rigs-2 (left) and Modi-I (right) inserted into the 
acoustic impedance inversion result with low-frequency information. The inversion result shown is 
extracted in the in-line direction through the well. The log is repeated five times. To the right of the 
acoustic impedance section, curves of the following are plotted: the calibrated acoustic impedance log, 
the low-frequency model extracted along the well trajectory and the acoustic impedance inversion 
result extracted along the well trajectory. 

Figure 8. The left panel is an inversion using a low frequency model with information from the Jette-I 
well and the right panel is without. The well is shown inserted into the acoustic impedance inversion 
result with low-frequency information. The inversion result shown is extracted in the in-line direction 
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through the well. The log is repeated five times. To the right of the acoustic impedance section, curves 
of the following are plotted: the calibrated acoustic impedance log, the low-frequency model extracted 
along the well trajectory and the acoustic impedance inversion result extracted along the well 
trajectory. 
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Figure 9. Acoustic impedances inversion results along the random line where the low frequency model 
includes the Jette-} well information. 

2.6 Conclusion 

This report shows test of the Jette-I and Modi- I well sites. Although the purpose was to perform blind 
tests, it is strictly not a blind test for the Jette-I location since this well is indirectly incorporated via the 
pseudo well location. The Modi-I site comes closer to a blind test, since this well was not directly 
included in the inversion. However, missing velocity logs for this well makes this test more indirect, as 
the comparison is done via an acoustic impedance - porosity relationship. 

Results show that low frequency models may be improved by incorporating pseudo wells 
constructed on the basis of rock physics. Simple depth trends supplemented with existing wells may be 
dangerous, if effects such as for instance the postulated "cementation front" causes non-linear effects on 
acoustic property - depth trends. This is thought to occur at the Jette-I well site, where the deeper two 
thirds are likely to be below this "cementation front". On the conclusive inversion profile, this front is 
located roughly at 3.1 sec depth. 

With respect to the Modi-I location a good prediction was made owing to the constructed Pseudo 
Modi well. Without this well, it may be asserted that major prediction problems would have been 
encountered there, because the low frequency model would have to rely on extrapolation from the Rigs-
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2 well, which is an anomaly due to porosity preservation from early hydrocarbon invasion (see Vejbrek 
& Japsen, this volume). The success for the Modi-I location presented here relies on the availability of 
a well for pseudo well construction that also lacks abnormal porosity preservation effects. Alternatively 
the Rigs-2 well could be corrected for this effect according to the quantification given in Vejbrek & 
Japsen (this volume) or similar estimates. 
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APPENDIX A 

A VO inversion theory 

This chapter describes how seismic Amplitude Versus Offset (AVO) attribute data are used 
in the ISIS seismic inversion. It is also described how Poisson's ratio and other petrophysical 
and direct hydrocarbon indicators are computed from the AVO inversion results. 

A.1 A VO attribute data 

The analysis of seismic AVO variation provides the possibility of obtaining both acoustic and 
shear information from acoustic data and thus obtaining information regarding pore fluid 
variation for a more detailed reservoir description. 

The implementation of inversion methods in the analysis of AVO attribute data provides 
the ability to derive estimates of the real physical parameters which control the AVO, acoustic 
impedance and shear impedance which can be compared directly with well log data. Not only 
do the volumes derived in the inversions have real physical meaning, they also benefit from 
the removal of the effect of the wavelet and damping of random noise. 

The following AVO attribute data can be inverted: 

• Intercept and gradient data. (Section A.3). 

• Angle stack data. (Section A.5). 

• Offset stack data. (Section A.6). 

The acoustic, shear and angle impedance inversion results (Zp, Zs and Zo) can be inter
preted directly and direct comparison of the inversion results with well log values is possible. 

A.2 Calculation of intercept and gradient data 

The AVO attributes, intercept and gradient are commonly used to quantify the variation of 
amplitude with offset. The attributes are calculated on the basis of the Shuey's approximation 
(Equation (A.l)) to the full Zoeppritz equations [Shuey, 1985]. 

1 
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Rp(0) 

where Rp is the acoustic reflection coefficient, 0 is the angle of incidence, and J and G 
are the intercept and gradient as defined in Equations (A.2) and (A.3) . 

The I and G attributes are calculated using the NMO-corrected, true amplitude processed 
and pre-stack migrated data in conjunction with an interpreted interval velocity model which 
is used to convert offset to angle. 

A.3 AVO inversion of intercept and gradient data 

The intercept and gradient data are used to calculate acoustic and shear reflection seismic 
(Rp and Rs) (see Section A.4). These seismic data are then inverted for acoustic and shear 
impedance (Zp and Zs). For the inversion of the shear reflection seismic the wavelet is 
derived using a shear reflectivity log rather than the normal acoustic reflectivity log, and the 
low-frequency model is derived using shear impedance logs rather than acoustic impedance 
logs. The same depth-to-time relationship is used for the acoustic and shear logs from each 
well. 

The acoustic impedance (Zp) and shear impedance (Zs) inversion results can be inter
preted directly, or supplementary physical properties such as Vp/Vs , Poisson's ratio and fluid 
factor can be calculated from them (see Section A.8). In all cases, direct comparison of the 
inversion results with well log data is possible, and use of cross-plotting techniques enables 
quantitative lithological and pore fluid determination. 

A .4 Calculation of shear reflect ivity seismic 

When inverting intercept and gradient data using the ISIS global seismic inversion package, 
a shear reflection volume (Rs) is calculated by implementing a variant of Shuey's approxi
mation [Shuey, 1985; Castagna and Backus, 1993; Smith and Gidlow, 1987], which takes into 
acrount a slowly varying Vs/Vp ratio and an estimated exponential constant for Gardner's 
relationship. The intercept and gradient can be expressed as: 

I = Rp (A.2) 

G !!:I:_ - 2 (2Vs)2 (Rs - ~~) 
1 + a Vp 21 + a 

(A.3) 
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where a is Gardner's exponential constant. It should be noted that Vs/Vp in Equa
tion (A.3) refers to the low-frequency content only of the Vs/Vp variation. 

From Equations (A.2) and (A.3) the following equations for acoustic reflection seismic 
(Rp) and shear reflectivity seismic (Rs) in the acoustic time domain can be derived. 

Rp = I 

i!a - G a I ---'-'----,,. + - --
2 ( W. )2 2l+a 

Rs = 

A.5 AVO inversion of angle stack data 

(A.4) 

(A.5) 

A frequently used method for examining AVO effects is to compute angle stacks and analyze 
them qualitatively. In order to perform a quantitative analysis, the angle stacks can be 
inverted using the concept of the effective impedance at a constant angle of incidence. This 
impedance we have called angle impedance (see Section A.7). 

The implementation of angle impedance in ISIS, makes it possible to invert angle stacks 
as if the data. were ordinarily stacked seismic data. Using angle reflectivity and angle impe
dance logs computed for the effective angle of the angle stack makes the application of the 
convolution model valid for inversion of the angle stacks. The angle reflectivity logs are used 
for the wavelet estimation (see Appendix B). The angle impedance logs are used in the prior 
model generation (see Section C.5) and for quality-control of the inversion result. The same 
depth-to-time relationship is used for all logs from each well. 

The effective angle of the angle stack is the single angle corresponding to the arithmetic 
mean of the reflection coefficient over the traces in the angle stack. Using an unweighted 
mean, of course, assumes that the traces in the angle stack have been equally weighted. As the 
reflection coefficient according to Shuey's approximation (Equation (A.I)) is approximately 
linear related to sin2(0), the effective angle, Beff, is given by 

. 2 (
0 ) sin2 (0min) + sin2 (0max) + sin(0min) sin(0max) 

Slll eff = 3 (A.6) 

where 0min and 0max denote the minimum and maximum angle of the angle stack, respec
tively. The effective angle can be up to 16% larger than the arithmetic mean of the minimum 
and maximum angle of the angle stack. 

Estimating a separate wavelet for each angle stack decreases the influence of many kinds 
of errors. Effects of NMO stretch, frequency variation with offset and energy variation with 
offset can be compensated for by using separate wavelets in the inversions. 

The angle impedance inversion results can either be interpreted directly, for example 
for differentiation of sands and shales, or can be combined to derive more classical A VO 
indicators, for instance Vp/Vs and Poisson's ratio (see Section A.8). 
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A.6 AVO inversion of offset stacks 

A variation of angle stacks is offset stacks. Offset stacks are generated by stacking receivers 
according to offset rather than angle of incidence. For offset stacks the angle of incidence 
is a function of depth and horizontal position. Angle stacks are therefore preferred to offset 
stacks. However, it is possible to invert offset stacks using the ISIS global seismic inversion 
package. Inversion of offset stacks is done by computing the variation of the angle with depth 
and using it instead of a constant angle in all the equations originally developed for angle 
stacks. 

The effective offset, Xeff, of an offset stack is computed in a similar way as the effective 
angle of an angle stack: 

(A.7) 

where xmin and Xmax denote the minimum and maximum offset of the offset stack, respec
tively . The effective offset can be up to 16% larger than the arithmetic mean of the minimum 
and maximum offset of the offset stack. 

Neglecting formation dip, the angle of incidence, 0 can be computed by 

V· X 
sin(B) = mt 

VrmsJ(vrmst)2 + x2 
(A.8) 

where Vint is the interval velocity, vrms is the root-mean-square velocity, x is the source
receiver offset, and t is the zero-offset two-way travel-time [Castagna and Backus, 1993]. 

A. 7 Logs for angle stacks and offset stacks 

Angle impedance (Zo) is a function of the acoustic impedance (Zp), the shear impedance 
(Zs) and the angle of incidence (0). 

The angle impedance is based on the Shuey's approximation and is defined as 

(A.9) 

The constant 5.0 • 106 in Equation A.9 above could be replaced by any other arbitrary 
constant and the equation would still possess the following properties: 

• The angle impedance is identical to the acoustic impedance for normal incidence. 

• The reflection coefficient, derived in the same way as for normal incidence but using 
angle impedance instead of acoustic impedance, is identical to the reflection coefficient 
for a P-P reflection at the given angle. 

In the derivation of Equation A.9, it has been assumed that: 
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• The low-frequency Vs/Vp ratio is approximately 0.5, and that density variations are 
small. 

• The angle of incidence is reasonably low (less than a.bout 33°). 

A.8 Calculation of supplementary physical propert ies 

Acoustic impedance (Zp) and shear impedance (Zs) inversion results can be converted to 
Poisson's ratio, Vp/Vs and fluid factor: 

Poisson' s ratio = ~-(Zs)2 

(Zp )2 - (Zs)2 
(A.1O) 

where Zp and Zs are the acoustic impedance and shear impedance inversion results with 
low-frequency information. 

Vp/Vs = Zp 

Zs 
(A.11) 

where Zp and Zs are the acoustic impedance and shear impedance inversion results with 
low-frequency information. 

Fluid factor Zs - Zp (A.12) 

where Zp and Zs are the acoustic impedance and shear impedance inversion results 
with the same constant low-frequency value (see Appendix C). Fluid factor as defined here 
highlights changes in fluid properties, without adding any empirical relations between shear 
and acoustic velocit ies as in the conventional fluid factor calculation. 

From angle stack and offset stack inversion results, acoustic impedance, shear impedance, 
Vp/Vs and Poisson's ratio can be derived by estimating the optimum linear relation in the 
(log(Zo),sin2(0))-domain using all angle impedance inversion results. The Vp/Vs and Pois
son's ratio estimates are calculated from the angle impedance at 0 = 90° computed using 
the estimated optimum linear relation. In order to obtain reliable Vp/Vs and Poisson's ra
tio volumes it is therefore essential to use angle stacks with large differences between the 
effective angles. The estimation of Vp/Vs, Poisson's ratio and shear impedance can be ad
ditionally constrained by low-frequency angle impedance models calculated for sin2 (0) = 1 
and sin2 (0) = -1. The constraints are introduced to avoid unphysical fluctuations appearing 
in the estimated Vp/Vs values, Poisson's ratio and shear impedance values. 
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A.9 Simultaneous AVO inversion 

Separate AVO inversion which is the approach described above in Section A.7 and Section A.8 
is characterized by independent inversion of the various partial stacks with respect to angle 
impedance and subsequent post-processing to true layer quantities like acoustic impedance, 
shear impedance, Poisson's ratio, and/or density. In this section an alternat ive approach 
named simultaneous AVO inversion will be described. It is characterized by that all partial 
stacks are inverted simultaneously directly with respect to the desired true layer quantities. 
Consequently, the need for defining a problematic quantity like angle impedance is eliminated 
as the reflection coefficient as a function of incidence angle is computed directly from the 
true layer quantities using for instance the Aki & Richards approximation [Aki and Richards, 
1980]. With respect to estimation of true layer quantities, the inherent problems with angle 
impedance and for the matter any alternative formulation of the same concept like Connolly 
elastic impedance !Connolly, 1999] for instance are due to that it is in fa.et not a true layer 
quantity. Angle impedance is not a true layer quantity as it is assumed that the average 
Poisson's ratio for the layer interfaces are known in advance. 

Simultaneous AVO inversion is implemented by extending the individual terms of the non
linear cost function mentioned in Section C.2. The penalty for differences between the seismic 
data and the synthet ic seismic is to be accumulated over all partial stacks. The penalty for 
horizontal and vertical changes in the estimated impedance model and for deviations from 
the prior model are all to be accumulated over all layer quantities. A consequence of this 
modified cost function is that some of the inversion parameters mentioned in Section C.3 are 
multiplied. More specific, ea.eh partial stack has an associated RSNR inversion parameter, 
and ea.eh layer quantity has associated RALPHA and RSIGMA inversion parameters. 

The ISIS simultaneous AVO inversion algorithm has been programmed such that it allows 
for a selection of more or less advanced seismic forward modeling algorithms. The most sim
ple forward seismic modeling algorithm implemented is a constant coefficients AVO model 
essentially corresponding to the angle impedance concept. The most advanced forward mod
eling implemented is a varying coefficients AVO model essentially corresponding to the so 
called Aki & Richards approximation which is more accurate for high angles of incidence 
and for Vp /Vs ratios significant different from 2. Optimal inversion results are of course 
achieved only if the reflection series used in the wavelet estimation for each partial stack has 
been computed using the same forward seismic modeling algorithm as the one used in the 
inversion part. 

The layer quantity parameterization and consequently what prior models that have to be 
specified is partly independent of the forward seismic modeling algorithm. Acoustic impe
dance and either shear impedance or Poisson's ratio are always included. In the case of the 
Aki & Richards AVO model, density is also included in the parametrization. 

A.10 Lithological identification by cross-plotting 

Cross-plotting of the well log data can be used to aid interpretation of the inversion results. 
The well log data can be used to establish relationships between lithology and the physical 
parameters determined in the seismic inversions, e.g. acoustic impedance and Poisson's ratio. 
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These relationships can then be used to predict lithology from the inversion results. 

Figure A.l shows a cross-plot of acoustic velocity versus density with general curves for 
some common lithologies [Castagna, 1993]. Contours of acoustic impedance are drawn on 
the plot. The plot shows the following: 

• Acoustic impedances of sand and shale is similar. 

• Limestone and sand-shale lithologies can be separated in acoustic impedance. 

• Low porosity lithologies tend to have a large acoustic impedance while high porosity 
lithologies have low values of acoustic impedance. 

Figure A.2 shows a cross-plot of acoustic impedance versus Poisson's ratio. Empirical 
sand and shale lines are plotted, and general trends of varying pore-fluid and compaction 
are indicated. Poisson's ratio is, generally, very sensitive to sand-shale and pore-fluid vari
ations, while the acoustic impedance is sensitive to porosity and pore-fluid variations (see 
Section A.l). The plot also indicates that by using a combination of acoustic impedance and 
Poisson's ratio gas sands can be separated from water filled sands and sands can be separated 
from shales. 

Identification of lithologies using cross-plots of log data and subsequent correlation to the 
inversion results makes it possible to make regional lithology interpretations and increase 
confidence in hydrocarbon detection. 
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VP versus Density 
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F igure A.I: Empirical relations between acoustic velocity and density for major lithologies 
[Castagna, 1993]. Contours of acoustic impedance (x106 ) have been plotted on top. 
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Acoustic impedance vs. Poisson's ratio 
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Figure A.2: Empirica.1 relations between acoustic impedance and Poisson's ratio for sand and 
shale. Poisson 's ratio is generally highly sensitive to sand-sha.le and pore-fluid variations, 
while the acoustic impedance is sensitive to porosity and pore-fluid variations. 



APPENDIX B 

Wavelet estimation theory 

This chapter outlines the theory behind the log calibration and the wavelet estimation. 

B. l Log calibration 

The purpose of the log calibration is usually to create: 

1. A reflectivity series with the same sampling rate as the seismic data for use in the 
wavelet estimation. 

2. An acoustic impedance series for use in construction of the low-frequency model. 

Using available check-shots, the sonic and density logs are converted from the depth 
domain to the two-way travel-time domain. The acoustic impedance series is computed by 
multiplication of the calibrated density log and the velocity log derived from the calibrated 
sonic log. The reflectivity series is then derived by differentiating the acoustic impedance 
series. If necessary, visual ties are added to shift, stretch or squeeze the logs. Visual ties are 
determined by comparing the calibrated logs directly with the seismic data, or by comparing 
the seismic trace at the well location with the synthetic seismic trace derived by convolving 
a wavelet with the calibrated reflectivity log. Visual ties may be required for the following 
reasons: 

1. The well logs are measured at much higher frequencies than the seismic data. Con
sequently, the well log velocities can be up to 10% higher than the reflection seismic 
velocities. This error is largely compensated for by using check-shots. 

2. The filters used in the seismic processing may introduce a static time shift into the 
seismic data. It is therefore sometimes necessary to apply a compensatory static shift 
using the visual ties. 

3. The seismic migration does not perfectly move the reflectors back to their correct po
sition as the migration velocities and the migration algorithms are imperfect. This will 
introduce a varying time shift dependent on depth and dip of the reflectors. 

10 
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4. The normal move-out correction for the check-shots is imperfect, particularly for deep 
and dipping reflectors. 

Once the optimum wavelet for the inversion has been chosen, synthetic seismic traces are 
calculated by convolving the wavelet with the reflectivity series derived from the well logs. 
The resulting synthetic traces are compared with the seismic traces at the well locations. 
The well logs are then finally calibrated (stretched and squeezed) for optimum match. 

B.2 Deviated wells 

In order to compare logs from a deviated well with the seismic data, the seismic data along 
the well trajectory are extracted from the seismic cube. The resulting seismic trace is called 
a super-trace. 

In order to evaluate the significance of individual events in a super-trace, a super-section 
passing through the super-trace is also extracted from the seismic data. For plotting, super
traces and super-sections are projected onto vertical lines or planes. 

For a deviated well, whenever the depth-to-time relationship is changed by applying a 
visual tie, the deviation of the well needs to be adjusted. Hence, after applying a visual tie, 
a new super-trace must be extracted from the seismic data a.long the new well trajectory. 
Hence, the calibration of deviated wells involves considerably more steps than the calibration 
of vertical wells. 

For deviated wells, the super-trace along the well trajectory is used for wavelet estimation, 
rather than the trace at the well-head location. The deviation of wells is also fully utilized 
when constructing 3D low-frequency impedance models. 

B.3 Multi versus single well wavelet estimation 

Wavelet estimation may be performed either (i) at each well location one at a time (single-well 
wavelet estimation), or (ii) simultaneously using several wells to determine the best overall 
wavelet for the wells (multi-well wavelet estimation). 

For multi-well wavelet estimation, the estimation is performed over an arbitrary number 
of well log segments. Such an approach can be advantageous, for example, where: 

• Although there are several wells, the well log data for each well are reliable only over 
a restricted interval covering the reservoir zone and are too short for reliable wavelet 
estimation at each individual well. 

• The well log data for a single well contain intervals of poor log data or where the seismic 
data is contaminated by noise, e.g. multiples. 
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B.4 Least squares wavelet estimation in the time domain 

The time domain based least squares wavelet estimation process is divided into two parts. A 
least squares method is first used to estimate a suite of wavelets with different lengths. The 
optimum wavelet length is then determined by using Akaike's Final Prediction Error (FPE) 
criterion (Ljung, 1987) in combination with visual inspection of the wavelet and synthetic 
seismic. Vertical variations of the wavelet (see Section B.9) ca.n be specified as part of the 
least squares estimation. 

The least squares method in the time domain minimizes the sum of squared differences 
(the misfit) between the seismic trace and a synthetic trace obtained by convolution of the 
well log reflectivity series and a wavelet. Wavelets are estimated using the least squares 
method for a range of lengths and a range of initial delays. For each wavelet length, the best 
initial delay is determined by using the misfit criterion. 

Akaike's FPE is a function of the misfit, which decreases as a function of wavelet length, 
and the relative number of parameters, which increases as a function of wavelet length. The 
relative number of parameters is equal to the length of the wavelet divided by the length 
of the window within which the misfit between the synthetic trace and the seismic data is 
calculated. The optimum wavelet length, and thereby the optimum wavelet, is determined 
by finding the minimum value for the wavelet suite of Akaike's FPE. The wavelet with the 
minimum value of Akaike's FPE models as much of the coherent signal as is possible without 
modelling a significant amount of the local noise. Wavelets, which are too long and model 
large amounts of local noise, are unlikely to be representative of the seismic data away from 
the well location. 

B.5 Least square wavelet estimation in the frequency domain 

The frequency domain least square wavelet estimation method is in principle based on the 
same object function as its time domain counterpart, although computed in the frequency 
domain instead of in the time domain. Consequently, the wavelet is derived from the cor
relation between the seismic data and the well log. The main difference between the two 
methods is that the wavelet is parameterized in its frequency domain response rather than 
directly in its time domain response. 

The advantages of this method compared with the time domain least squares method is: 

• The wavelet looks more realistic with more gradually decaying wriggles, and the wavelet 
is therefore longer without being sensitive to noise. 

• The approach is much easier to use as it is much less sensitive to specified wavelet 
length and because it is not necessary to specify the search interval for the initial delay. 

A disadvantage of this method compared with the time domain least squares method is 
that the fit between the real and synthetic data is slightly worse. 
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B.6 Least squares constant phase wavelet estimation 

The least squares wavelet estimation method is sensitive to additive noise in the seismic data 
and in the reflectivity log if the length of the reflectivity log is too short compared with 
the length of the true wavelet even if there are no alignment errors between the reflectivity 
log and the seismic data. In this case we propose the least squares constant phase wavelet 
estimation method. 

The least squares constant phase wavelet estimation method sets the amplitude spectrum 
of the wavelet equal to the estimated amplitude spectrum of the seismic data. The phase 
spectrum of the wavelet is assumed constant. The constant phase, the gain (including the 
sign), and the delay of the wavelet are estimated by computing the values which minimizes 
the misfit between the synthetic trace and the seismic data in a least squares sense. 

The amplitude spectrum of the seismic data is estimated by using Welch's method (Welch, 
1970; Oppenheim, 1989). In Welch's method the seismic data are divided into data segments 
with 50% overlap between each segment and weighted with a Welch window function. The 
Welch spectral estimate is the mean of the squared Fourier transform amplitude for each 
segment. 

The optimum least squares constant phase wavelet length can be determined using Aka.ike's 
Information Theoretic Criterion; a technique similar to Akaike's Final Prediction Error in 
the least squares wavelet estimation. 

B. 7 Estimated Constant Phase wavelet estimation 

The least squares wavelet estimation method is sensitive to alignment errors between the 
reflectivity log and the seismic data, especially for the higher frequencies, and the method 
can not be implemented if a reflectivity log is not available. In these cases other wavelet 
estimation approaches have to be used. We propose the estimated constant phase wavelet 
estimation method. 

The estimated constant phase wavelet estimation method sets the amplitude spectrum 
of the wavelet equal to the estimated amplitude spectrum of the seismic data. The phase 
spectrum of the wavelet is either assumed known, e.g. zero phase or minimum phase, or is 
estimated from the seismic data. Given the amplitude and the phase spectrum, the wavelet 
itself can be computed using the inverse Fourier transform. The remaining gain (including 
the sign) and delay of the wavelet are computed by convolving the wavelet with either the 
noisy reflectivity log or the guessed reflection coefficient of a significant reflector in the seismic 
section, and finally comparing this synthetic trace with the seismic data. 

The amplitude spectrum of the seismic data is estimated by Welch's method (Welch, 1970; 
Oppenheim, 1989). In Welch's method the seismic data is divided into data segments with 
50 % overlap between each segment and weighted with a Welch window function. The Welch 
spectral estimate is the mean of the squared Fourier transform amplitude for each segment. 

The estimated constant phase wavelet length can be determined using the Akaike's In
formation Theoretic Criterion, a technique similar to Aka.ike's Final Prediction Error in the 
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least squares wavelet estimation. 

B.8 Amplitude corrections to wavelets 

In some instances it may be desirable to correct the amplitudes of a computed optimum 
wavelet, e.g. in order to improve the match of the amplitudes of the seismic data in the 
reservoir zone. When computing the scaling constant it is necessary to disregard possible noise 
in the seismic data, so that only true amplitudes are considered. This is done by computing 
the energy ratio of the seismic data and the synthetic data modelled by the wavelet. The 
main assumption is that the pre-processing of the seismic data leaves an energy distribution 
that is monotonously decreasing or increasing with two-way travel time. Therefore we expect 
that the energy ratio too will be monotonous. However, the optimum wavelet will (hopefully) 
not model the noise in the seismic data.; therefore the energy ratio will be too large in a time 
window dominated by noise. So when computing the scaling constant, the energy ratio is 
found in different sub-windows in time in order to exclude sub-windows of extensive noise. 

B.9 Vertically-varying wavelet estimation 

To compensate for variations of the wavelet in the vertical direction, it is possible to utilize a 
vertically-varying wavelet in the inversion. The computation of the vertically-varying wavelet 
requires as input the optimum constant wavelet at a given depth (see Section B.4 ). 

The model used for the frequency dependent part of the vertical variation of the wavelet 
is the well-known Q model. It says that the attenuation of the wavelet in dB is proportional 
to the product of the frequency and the depth measured in two-way travel-time. The pro
portional factor, in this report named RATTF, is determined by examining the change in 
the mean frequency of the seismic data with depth. A single va.lue for RATTF is usually 
sufficient to characterize the whole seismic survey. The phase spectrum of the wavelet is in 
most cases not changed a.lthough it is indeed possible to do so. 

The model used for the frequency independent pa.rt of the vertical variation of the wavelet 
is an exponential amplitude gain. The exponentia.l gain factor, in this report named RATT, is 
determined by comparing the power of the reflectivity well logs with the power of the seismic 
traces at the well locations, both as a function of depth. As with RATTF, a single value for 
RATT is usually sufficient to characterize the whole seismic survey. 

B.10 Zero-phasing 

Zero-phasing seismic data can be implemented by first estimating a wavelet using one of 
the methods described elsewhere in this report. The phase spectrum of the wavelet is then 
subtracted from the phase spectrum of the seismic data. The amplitude spectrum of the 
seismic data is left untouched. The ma.in advantage of zero-phased seismic data is that the 
events are compressed as much as possible without modifying the amplitude spectrum and 
thereby potentially, but not necessarily, decreasing the signa.l to noise ratio. 
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B .11 M e an wavelet 

If a number of almost equally t rustworthy wavelets have been estimated and it is decided not 
to vary the wavelet horizontally between the wells a good alternative is to use a mean wavelet 
for the whole area. The mean wavelet is computed as a linear interpolation independently 
for the amplitude spectrum and for the phase spectrum, rather than using a simple linear 
interpolation in the time domain. An advanced phase unwrapping algorithm is applied to 
ensure comparable phases of the original wavelets in the mean wavelet calculation. 
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APPENDIX C 

Seismic inversion theory 

C.1 Introduction 

The ISIS seismic inversion algorithm is based on a unique combination of an advanced global 
search algorithm and a non-linear cost function. A global search algorithm is employed in 
order not to get trapped in sub-optimum models close to the starting model which local meth
ods frequently a.re. ISIS inversion uses the convolutional model for genera.ting the synthetic 
seismic data that are compared with the original seismic data. ISIS inversion can conse
quently be implemented on migrated full-stack, offset-stack, or angle-stack reflection seismic 
data. The wavelet in the convolutional forward model can be varied both horizontally and 
vertically. 

ISIS seismic inversion improves the resolution as the wavelet includes both amplitude and 
phase spectrum information. Further improvement in the resolution is due to the spectral 
expansion caused by the non-linear inversion (Cooke & Schneider, 1983). 

The inversion can be constrained by a so-called prior model. In the simplest case, the 
prior model consists of one constant background impedance value. For such a prior model, 
the inversion gives an unbiased result called the plain ISIS result. The prior model may 
also consist of the low-frequency components of the impedance variations, which cannot 
be resolved from the seismic data. These low-frequency components can be determined by 
extrapolating the impedance logs using horizons and faults as a guide followed by low-pass 
filtering. Seismic velocities, e.g. stacking velocities, and dip information from the seismic 
data can also be used to constrain the prior model. 

C.2 ISIS seismic inversion algorithm 

The ISIS seismic inversion algorithm uses an advanced global search algorithm to estimate 
the impedance subsurface model that minimizes a. non-linear cost function containing the 
following terms: 

• Penalty for differences between the seismic data and the synthetic seismic determined 
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from the estimated impedance model by convolutional forward modelling. 

• Penalty for horizontal variations in the estimated impedance model. 

• Penalty for deviation of the estimated impedance model from the prior model. 

• Penalty for the presence of significant reflectors. Significant reflectors are places in 
the estimated impedance model where the reflection coefficient exceeds a predefined 
threshold. 

• Penalty for vertical changes in impedance between the significant reflectors. 

The inversion algorithm therefore finds a subsurface impedance model which gives syn
thetic seismic that approximates the seismic data while also satisfying the other constraints 
in the cost function which provide damping of random noise, incorporation of the prior model 
and correct location of significant reflectors. 

C.3 ISIS seismic inversion input 

The inversion algorithm requires as input: the migrated seismic data, a wavelet, a prior 
model and values for four inversion parameters that appear in the cost function. These four 
inversion parameters are: 

• Signal-to-noise ratio (RSNR): controls to what degree differences between the syn
thetic seismic and the seismic data are penalized. The greater RSNR, the greater the 
penalty, so the inversion algorithm models more of the seismic energy. 

• Horizontal continuity (RALPHA): controls to what degree horizontal variations in 
the impedance model are penalized. RALPHA is the standard deviation of neighbouring 
impedance traces. The greater the value given to RALPHA, the lesser the penalty, so 
the inversion algorithm imposes less horizontal continuity. 

• Relative standard deviation of the prior model (RSIGMA): controls to what 
degree deviation of the estimated impedance model from the prior model is penalized. 
The greater RSIGMA, the lesser the penalty, so the further the estimated acoustic 
impedance model is allowed to deviate from the prior model. 

• Threshold for reflection coefficient (Rl): all points in the estimated impedance 
model with a reflection coefficient greater than Rl are interpreted as significant reflec
tors. The penalty for the presence of significant reflectors is strongly influenced by 
the value of Rl. The greater Rl, the greater the penalty for each significant reflector 
present in the model, but the lesser the probable total number of significant reflectors. 

Values for the above inversion parameters are estimated initially using available infor
mation. To find the best set of values, a parameter study is conducted. The value of each 
parameter is varied and each result evaluated by inspection of the inversion result and by 
statistical analysis. 

The allowed ranges of the four inversion parameters are given in Table C.l. 
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Parameter Lower limit Upper limit 
Signal-to-noise ratio, RSNR >0 00 

Horizontal continuity, RALPHA >0 1 
Deviation of prior model, RSIGMA >0 1 
Threshold for reflection coeff., Rl >0 1 

Table C.1: Permitted ranges of the seismic inversion para
meter values. 

C.4 Horizon interpolation 

18 

In order to generate the prior model it is necessary that the original horizons are interpolated 
and extrapolated such that the whole section, which is to be inverted, is covered. 

The horizons are interpolated in succession based on their degree of coverage and starting 
with the one with the highest degree of coverage. The linear interpolation of ea.eh horizon is 
guided by the nearest horizon above and the nearest horizon below that already have been 
wholly interpolated if such horizons are available. Pinching-out of horizons is handled by 
letting them follow the horizons on which they truncated. 

C .5 Addition of low-frequency information 

For a constant prior model, the ISIS inversion result lacks the very low-frequency compo
nents as they also are missing in the seismic data. These components can only be introduced 
into the inversion result by using a non-constant prior model. Such a prior model can be 
constructed by extrapolating laterally the calibrated impedance logs using a number of in
terpreted horizons and faults as a guide and then by low-pass filtering the resulting model. 
Each well log is weighted by one divided by the distance squared to the well plus a constant. 
The prior model is also called the low-frequency model due to the low-pass filtering that in 
most cases is applied. 

T he extrapolation of the well log values can be modified by a depth t rend. It is done 
by multiplying the well log values before the weighted averaging by exp(RDEPTHt..T /ts) 
where the depth trend constant RDEPTH denotes the relative increase per sample, t..T 
denotes the increase in two-way travel time when going away from the well along horizon 
slices, and t5 denotes the sample period. The depth trend is applied only in between the two 
horizon slices that intersect the top and bottom of the well log. 

In the present implementation, the depth trend constant is allowed to change when cross
ing a horizon as long as it is constant in between the horizons. Proper depth trend constants 
can be estimated by performing a stat istical analysis of the depth trends of the available well 
logs. This, of course, requires that at least two well logs with significant depth differences 
between the layers when going from one well to the other are available. 

Seismic velocity data can also be used to constrain the low-frequency model. Velocity val
ues are computed for each t race by linear interpolation using the nearest defined grid points. 
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The resulting 3D velocity model is low-pass filtered laterally parallel to the interpreted hori
zons and vertically to remove anomalies. The velocity model is finally transformed to acoustic 
impedance using Gardner's relation. In the case of multiple crossing 2D lines, sometimes re
ferred to as the 2.5D case, the velocity data is treated as 3D and only at the very end, 2D 
lines are extracted. This procedure ensures that incompatible information is not introduced 
where two 2D lines crosses. 

The acoustic impedance well log information, extrapolated along the interpreted horizons, 
is then used in combination with the velocity-derived low-frequency acoustic impedance model 
to generate a detailed acoustic impedance model, which is then low-pass filtered to produce 
the final low-frequency model. The velocity-derived low-frequency acoustic impedance model 
is used to guide the acoustic impedance changes between the well locations. This guidance 
is such that only lateral variations in the seismic velocities have an influence on the final 
low-frequency model between the wells. The degree of guidance is specified by a parame
ter, RGUIDE, for which the value zero corresponds to no guidance by the velocity-derived 
low-frequency acoustic impedance model and the value 1 corresponds to proportional or full 
guidance. The absolute level of the velocity-derived acoustic impedance model has no influ
ence between the well logs. 

Dip information from the seismic data can also be used to help guide the extrapolation of 
the well logs. Dips estimated from the seismic data are converted to horizon like information 
called a layer sequence field. The layer sequence field is then used to guide the extrapolation 
of the well logs either with or without interpreted horizons and faults and seismic velocity 
information (Rasmussen, 1999). 

The degree to which the resulting impedance model is low-pass filtered is represented by 
a filter constant: the higher the value of the constant, the greater the degree of filtering. 
If the filter constant is too high, the final inversion result will not contain variations with 
frequencies between the lowest frequency resolvable from the seismic data and the very low 
frequencies introduced by the prior model. However, if the filter constant is too low, the 
frequency content of the prior model will overlap significantly with that of the seismic and 
the detail in the inversion result will not be independent of the well log information. 

C.6 ISIS seismic inversion results 

The primary results produced by the ISIS seismic inversion are two impedance models; one 
with and one without low-frequency information. 

The impedance result without low-frequency information enables the interpreter to carry 
out an interpretation of a fully unbiased result as neither well logs nor seismic horizons have 
been utilized. However, only the relative impedance level can be interpreted. In the inversion 
result with low-frequency information, the absolute impedance level may also be interpreted. 
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C. 7 ISIS seismic inversion for porosity 

Inversion of the seismic data for porosity is performed in exactly the same way as the inversion 
for acoustic impedance. The inputs to the ISIS seismic inversion algorithm are, however, 
different. Rather than the normal acoustic impedance wavelet, a porosity wavelet is used, 
and the prior model consists of a low-frequency porosity model. The method is described in 
more detail in Rasmussen & Maver (1996). 

C.8 Alignment 

Misalignment of events in a number of different areas can to the degree that it is representing 
errors in the different simplified models used in the seismic processing have a degrading 
influence on the results and extracting the displacement information can to the degree that 
it is not representing the above mentioned errors be valuable in itself. The areas that this 
concerns are: 

• Well log calibration: Misalignment between synthetic and original seismic data. at the 
well position due to for instance migration inaccuracies can lead to loss of especially the 
high frequency components in the least square wavelet. An alignment should therefore 
be performed either manually or automatically. 

• Time lapse: Misalignment between the different seismic vintages can be due to a 
number of reasons: acquisition and processing inaccuracies, changed layer thicknesses 
due to compaction, changed wave velocities due to compaction, fluid , temperature, 
and/or pressure changes. The different seismic vintages should be aligned before sample 
by sample differencing. The displacement information could furthermore be a valuable 
attribute in itself. 

• AVO: Due to inaccurate NMO, DMO, and/or migration some misalignment in depth is 
often present between the events in the different angle- or offset-stacks. The misalign
ment is less, but still present, in the inverted data as sepa.ra.te wavelets have been used 
for the different angle- or offset-stacks. The misalignment can degrade the results that 
are obtained by combining the different separate angle- or offset-stacks inversion results, 
e.g. Poisson's ratio and Shear impedance, and to a lesser degree the computed Acoustic 
Impedance. An alignment should therefore be performed if the misalignment is not due 
to that acoustic and shear reflection coefficients simply are not fully correlated. 

• 4C: Misalignment of the PP and PS seismic data due to for instance inaccurate esti
mated Poisson's ratio can degrade the results obtained by combining the two data sets. 
An alignment as in the AVO case should therefore be performed. 

If it for some technical or economic reason is not possible to correct the misalignment using 
an improved deterministic seismic processing scheme then one is left with the less reliable 
statistical approaches. Statistical approaches work by modifying one of the two data sets 
by a constrained mathematical transformation such that the data. set in some mathematical 
sense becomes more like the other <la.ta set. The reason why statistical approaches a.re 
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less reliable than deterministic approaches is that they cannot directly distinguish between 
misalignment due to the simplified models used and misalignment bearing useful information. 
The way they attempt to distinguish the two contributions is by using a very constrained 
mathematical transformation. 

Our implementation of statistical alignment is a pure single trace algorithm meaning that 
the data. is stretched and squeezed vertically only, and that there is no requirements with 
respect to horizontal continuity of the vertical displacement. Furthermore are the amplitudes 
not modified. Our algorithm is fully automatic in the sense that the only interaction required 
by the user is to choose a parameter describing how much vertical displacement that is allowed 
in the search for maximum cross-correlation. 

C.9 Spectral balancing 

When comparing two signals visually or arithmetically as for instance in statistical alignment 
algorithms, it is in some cases advantageous that they have approximately identical amplitude 
spectra. This amplitude spectra has to be the common frequency interval of the two input 
signals of the spectral balancing in order not to introduce noise in either of the two output 
signals. Denoting the amplitude spectrum a.s a function of the frequency f before spectral 
balancing of signal 1 a.s A1 (!) and of signal 2 as A2(!), one way to obtain spectral balancing 
is to compute the filter H1(f), which is to be applied to signal 1, and the filter H2(f), which 
is to be applied to signal 2, as follows 

J A1 (!)2 + A2(!)2 

A1(f) 

The common amplitude spectrum A(!) after the spectral balancing is simply 

(C.l) 

(C.2) 

(C.3) 

which means that the common power spectrum is the harmonic mean of the two input power 
spectra. 
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APPENDIX D 

Stratigraphic Correlation Cube 
theory 

The theory for the calculation of the Layer Sequence Field and the Stratigraphic Correlation 
Cube is described in this appendix. 

D .1 Int roduction 

Dips measured in the seismic data can be used either alone or together with interpreted 
horizons and faults to constrain the extrapolation of the impedance logs in the low-frequency 
model building (see Section C.5). However, before measured seismic dips can be used in the 
low-frequency model building, they are converted from a vector field to a scalar field, which 
we have called the Layer Sequence Field. 

The Stratigraphic Correlation Cube shows the trace-to-trace coherence of either the seis
mic data or of the inversion results. The Layer Sequence Field is used as input in the 
Stratigraphic Correlation Cube calculation, where it is used to constrain the orientation of 
the layering. 

D.2 Dip and Layer Sequence Field calculation 

The calculations for dip and the Layer Sequence Field are described below. They are presented 
in a little more detail in Rasmussen (1999). 

The seismic dip in the in-line direction is estimated as 

(D.1} 

where d(t,x,y) denotes the seismic signal, dh(t,x,y) denotes the Hilbert transform of the 
seismic signal, t denotes the depth measured in two-way travel-time (TWT), x denotes the 
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horizontal distance in the in-line direction, and y denotes the horizontal distance in the cross
line direction. Equation (D.l) is exact for a sine signal. In order to stabilize the estimation 
for real signals, both the numerator and denominator are low-pass filtered before the division. 
The dip Sy in the cross-line direction is estimated using a similar procedure. 

The estimated dips, however, cannot be used directly in the low-frequency model gener
ation. They have to be converted to a scalar field, h(t,x,y), which is used to extrapolate the 
well logs. We have named this scalar field the Layer Sequence Field. The Layer Sequence 
Field has the property that a given layer is characterized by the same value in the whole 
seismic volume. Furthermore, in the absence of faults, the Layer Sequence Field increases 
as a function of depth. The Layer Sequence Field satisfies the following two partial differen
tial equations as closely as possible such that dips calculated from the Layer Sequence Field 
match the dips estimated from the seismic data as closely as possible: 

ah 
ox 

ah 
ay 

= -Sx ah 
&t 

(D.2) 

(D.3) 

In order to stabilize the estimation of the Layer Sequence Field, the additional constraints 
that the Layer Sequence Field is smooth and increases as a function of depth are applied. 
The estimated layer sequence field can then be used as a guide together with or replacing 
interpreted horizons in the extrapolation of the well log information away from the well 
positions. 

D.3 Stratigraphic Correlation Cube calculation 

The Stratigraphic Correlation Cube provides a measure of the trace-to-trace coherence in 
either the seismic data or in the inversion result. The result is the coherence between one 
trace and two neighbouring traces; one in the in-line direction and one in the cross-line 
direction. The coherence is calculated in a vertically sliding window. The effective size of the 
window acts as a "smoothing" constraint, thereby low-pass filtering the result. 

The dip of the geological layering is accounted for in the Stratigraphic Correlation Cube 
calculation by using the Layer Sequence Field. The Layer Sequence Field is used to shift 
neighbouring traces before calculation of the coherence. 
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Selection of samples 
Ida L. Fabricius, DTU and Niels Springer, GEUS 

This note contains a brief description of the procedure applied in selecting twenty-one 
core samples from water zone chalk in the northern part of the Danish Central Graben. 
The purpose of the sampling is to measure the sonic velocities of the samples and to 
investigate their textural properties as part of the Chalk Background Velocity study 
funded by the South Arne Group. We also summarise data for the sampled material 
with respect to porosity, permeability, and lithostratigraphy. 

Selection of wells 

In the northern part of the Danish Central Graben, several wells penetrate chalk, but 
only a limited number of wells are cored in this section (Figure 1 ). In order to select 
which wells to sample, we plotted the depth and effective depth vs. porosity of core 
plugs from each well (Figure 2, 3) and also plotted permeability versus porosity 
(Figure 4). Effective depth is calculated as depth in meters minus 10 times the 
overpressure in MPa. The effective depth is thus a measure of the effective stress 
exerted on the sample in situ. The core data were extracted from the GEUS data base 
and from operator's completion reports. This project focuses on background velocity, 
so we limited the study to the water zone to wells were cores can still be plugged. This 
left us with eight wells (Figure 5, 6, 7, 8). 

Selection of samples 

From each of the eight wells we sampled four new vertical 1 ½ inch plugs. The 
plugging depths were chosen with the aim of representing the variation in porosity in 
each well. Oil stained intervals, fractures, marly zones and stylolites were avoided, 
except for in well I-1, where no unstained intervals were found. This sampling 
resulted in 32 core samples, which were characterised by conventional core analysis 
(see Appendix) before final sampling. The resulting data are presented in Table 1 and 
on Figures 9, 10, and 11. 

Final sampling 

Final sampling was done from plug condition and from inspection of Figures 9, 10, 
and 11. First small or fractured samples were left out. Then only one sample was 
selected if two samples from one well have similar porosity and permeability. Then, in 
most cases where samples from two wells have similar porosity, permeability, depth 
and effective depth, one sample was left out. The resulting number of samples is 21 
(Figure 12, 13, 14). Stratigraphy was not taken into account in the process of 
sampling. The samples represent the Ekofisk Formation, Tor Formation, Tuxen 
Formation and GEUS stratigraphic unit Chalk-2 (Table 1 and Figure 15). 

E&RDTUand 
GEUS Core Laboratory 3 25-10-2003 



E&RDTUand 
GEUS Core Laboratory 4 25-10-2003 



6260000 

6250000 

6240000 

- 6230000 
E -.c 
t 
0 6220000 z 
~ 
I-
::> 6210000 

6200000 

6190000 

6180000 

• Gert-1 

I 

I 

I 

. 

W Lulu-3 W Lulu-1 

I ' • Lulu-1 • Lulu-2 

I e Mona-1 

T-1x 

'T-3X 

e Otto-1 

ea-1x 
e I-1x = Baron-2 

I 

I . . 

~ 
e Cecilie-1 B 

I 
I 

I 
I 

I Boje-1 

• • 
Nord Jens-1 

I . T 

540000 550000 560000 570000 580000 590000 600000 610000 620000 

UTM East (m) 

Figure 1. Wells with chalk cores, located in the Northern part of the Danish 
Central Graben. 
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Gas 
Sample Depth Perm Por Dens Well Flnal Formation GEUS 

ID m/f mD o/o a/ccm ID sam0llna Unit 

01-1 10125.25 0.003 14.35 2.72 0-1 X Ekofisk Chalk-6 

01-2 10132.50 0.002 8.97 2.72 0-1 X Ekofisk Chalk-6 

01-3 10138.08 0.018 14.43 2.70 0-1 X Ekofisk Chalk-6 

01-4 10147.25 0.009 9.91 2.71 0-1 X Ekofisk Chalk-6 

Otto1-5 8473.84 0.430 19.06 2.72 Otto-1 Tor Chalk-3 

Otto1-6 8495.00 0.330 19.23 2.72 Otto-1 X Tor Chalk-3 

Otto1-7 8497.00 4.390 21.96 2.72 Otto-1 Tor Chalk-3 

Otto1-8 8504.00 0.520 20.72 2.72 Otto-1 X Tor Chalk-3 

T3-9 8440.33 0.420 19.1 2.72 T-3 X Tor 

T3-10 8526.75 0.860 24.77 2.72 T-3 X Tor 

T3-11 8532.08 0.770 24.69 2.72 T-3 Tor 

T3-12 8568.33 1.620 24.24 2.72 T-3 Tor 

Gert1-13 12838.90 0.009 11.28 2.68 Gert-1 X Hod Chalk-2 

Gert1-14 12846.42 0.030 4.96 2.65 Gert-1 X Hod Chalk-2 

Gert1-15 12854.50 0.005 3.99 2.70 Gert-1 Hod Chalk-2 

Gert1-16 12858.58 0.005 3.7 2.70 Gert-1 X Hod Chalk-2 

WL1-17 11159.51 0.002 6.32 2.73 West lulu-1 X Hod Chalk-2 

WL1-18 11187.33 0.003 6.68 2.72 West lulu-1 Hod Chalk-2 

WL1-19 11213.33 0.004 8.01 2.72 West lulu-1 X Hod Chalk-2 

WL1-20 11246.42 0.003 7.11 2.72 West lulu-1 Hod Chalk-2 

Ba2-21 2855.55 0.170 26.9 2.71 Baron-2 X Ekofisk 

Ba2-22 2858.55 0.060 24.69 2.71 Baron-2 X Ekofisk 

Ba2-23 2860.48 0.050 16.68 2.70 Baron-2 X Ekofisk 

Ba2-24 2867.03 0.070 21.87 2.70 Baron-2 X Ekofisk 

11-25 9504.00 0.050 24.8 2.70 1-1 Sola 

11-26 9508.50 0.080 26.73 2.70 1-1 X Tuxen 

11-27 9523.90 0.015 17.43 2.73 1-1 Tuxen 

11-28 9538.50 0.020 16.95 2.72 1-1 Fractured Tuxen 

Ce1B-29 2393.81 12.29 2.71 Cecilie-1B Fractured Ekofisk? 

Ce1B-30 2402.61 0.010 14.9 2.71 Cecilie-1B X Ekofisk? 

Ce1B-31 2407.50 0.410 22.36 2.71 Cecllie-1B X Ekofisk? 

Ce1B-32 2420.76 0.015 7.21 2.71 Cecilie-1B X Ekofisk? 

Table 1. Conventional core analysis data of 32 vertical 1 ½ inch samples. 
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Figure 9. Porosity vs. depth. The 32 1 ½ vertical core samples. 
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Appendix 

4 Analytical Methods 

The following is a short description of the methods used by GEUS Core Laboratory. For a 
more detailed description of methods, instrumentation and principles of calculation the reader 
is referred to API recommended practice for core-analysis procedure (API RP 40, 2nd ed. 
1998). 

4.3 Conventional cleaning and drying 

Plugs of diameter 38 mm are drilled and trimmed carefully. The samples are then placed in a 
Soxhlet extractor, which continuously soaks and washes the samples with methanol. This 
process removes water and dissolves salt precipitated in the pore space of the rock. Extraction 
is terminated when no chloride ions are present in the methanol. Samples containing 
hydrocarbons are then cleaned in toluene until a clear solution is obtained. Samples are finally 
dried at 110 °C and passed on for measurement of conventional porosity and permeability. 

4.5 Gas permeability (GEUS steady state instrument) 

The plug is mounted in a Hassler core holder, and a confining pressure of 400 psi applied to the 
sleeve. The specific permeability to gas is measured by flowing nitrogen gas through a plug of 
known dimensions at differential pressures between 0 and 1 bar. No back pressure is applied. 
The readings of the digital gas permeameter are checked regularly by routine measurement of 
permeable steel reference plugs (Core Laboratories™ gas permeability reference plug set). 

4.7 He-porosity and grain density (GEUS He-porosimeter) 

The porosity is measured on cleaned and dried samples. The porosity is determined by 
subtraction of the measured grain volume and the measured bulk volume. The Helium 
technique, employing Boyle's Law, is used for grain volume determination, applying a double 
chambered Helium porosimeter with digital readout, whereas bulk volume is measured by 
submersion of the plug in a mercury bath using Archimedes principle. Grain density is 
calculated from the grain volume measurement and the weight of the cleaned and dried sample. 
The Helium porosimeter is calibrated using a set of steel plugs (Core Laboratories™ volume 
reference plug set) before the measurement of plug samples are initiated. 

4.8 Archimedes porosity 

Samples that are saturated to 100% with a liquid can have their bulk volume determined by 
Archimedes test, i.e. by submersion in a jar containing the saturating liquid and weighing of the 
buoyancy. If the sample grain density is known (e.g. from a He-porosity measurement) or can be 
estimated with good precision, the sample pore volume and porosity can be calculated. 

E&RDTUand 
GEUS Core Laboratory 21 25-10-2003 



4.10 Precision of analytical data 

The table below gives the precision (= reproducibility) at the 68% level of confidence (+/- l 
standard deviation) for routine core analysis measurements performed at the GEUS Core 
Laboratory. 

Measurement Range, mD Precision 

Grain density 0.003 glee 

Porosity 0.1 porosity-% 

Permeability: 0.01-0.1 15% 
(Klinkenberg) 0.1-1 10% 

>1 4% 

Permeability: 0.001-0.01 25% 
(Conventional) 0.01-0.l 15% 

>0.1 4% 
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Sample Characterization Fabricius, Nguyen 

This report contains results from geological characterization of 21 samples from the water 
zone of wells in the Northern part of the Danish sector (Figure 1 ). The applied methods are 
described below. 
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Figure 1. Location of sampled wells. 

1. Samples 

The samples were selected from a set of32 samples collected for preliminary study (Table 1, 
Fabricius & Springer, 2003). 
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Sample Characterization Fabricius, Nguyen 

Table 1. All samples. 

Gas Grain 
Sample Depth Perm Por density Well Final Formation 

ID m/f mD % g/ccm ID samplina 

Q1-1 10125.25 0.003 14.35 2.72 Q-1 X Ekofisk 

01-2 10132.50 0.002 8.97 2.72 Q-1 X Ekofisk 

Q1-3 10138.08 0.018 14.43 2.70 0-1 X Ekofisk 

Q1-4 10147.25 0.009 9.91 2.71 0-1 X Ekofisk 

Otto1-5 8473.84 0.430 19.06 2.72 Otto-1 Hod 

Otto1-6 8495.00 0.330 19.23 2.72 Otto-1 X Hod 

Otto1-7 8497.00 4.390 21.96 2.72 Otto-1 Hod 

Otto1-8 8504.00 0.520 20.72 2.72 Otto-1 X Hod 

T3-9 8440.33 0.420 19.1 2.72 T-3 X Tor 

T3-10 8526.75 0.860 24.77 2.72 T-3 X Tor 

T3-11 8532.08 0.770 24.69 2.72 T-3 Tor 

T3-12 8568.33 1.620 24.24 2.72 T-3 Tor 

Gert1-13 12838.90 0.009 11.28 2.68 Gert-1 X Hidra 

Gert1-14 12846.42 0.003 6.85 2.65 Gert-1 X Hidra 

Gert1-15 12854.50 0.005 3.92 2.70 Gert-1 Hidra 

Gert1-16 12858.58 0.005 3.7 2.70 Gert-1 X Hidra 

WL 1-17 11159.51 0.002 6.32 2.73 West lulu-1 X Hod 

WL1-18 11187.33 0.003 6.68 2.72 West lulu-1 Hod 

WL 1-19 11213.33 0.004 8.01 2.72 West lulu-1 X Hod 

WL 1-20 11246.42 0.003 7.11 2.72 West lulu-1 Hod 

Ba2-21 2855.55 0.170 26.9 2.71 Baron-2 X Ekofisk 

Ba2-22 2858.55 0.057 24.69 2.71 Baron-2 X Ekofisk 

Ba2-23 2860.48 0.047 16.68 2.70 Baron-2 X Ekofisk 

Ba2-24 2867.03 0.070 21 .87 2.70 Baron-2 X Ekofisk 

11-25 9504.00 0.056 24.8 2.70 1-1 Sola 

11-26 9508.50 0.075 26.73 2.70 1-1 X Sola 

11-27 9523.90 0.016 17.43 2.73 1-1 Tuxen 

11-28 9538.50 0.020 16.95 2.72 1-1 Fractured Tuxen 

Ce1B-29 2393.81 12.29 2.71 Cecllie-18 Fractured Ekofisk? 

Ce18-30 2402.61 0.011 14.9 2.71 Cecilie-18 X Ekofisk? 

Ce1B-31 2407.50 0.410 22.36 2.71 Cecilie-18 X Ekofisk? 

Ce18-32 2420.76 0.002 7.21 2.71 Cecilie-18 X Ekofisk? 

A part of each sample was used for preparation of polished thin sections. Another part was 
used for chemical and physical characterization. 

2. -5. Analytical procedure as preparation for chemistry, X-ray, and BET 

Before chemical and physical characterization, each cleaned and dried chalk sample was 
subjected to the following procedures: 
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Sample Characterization Fabricius, Nguyen 

2.1 Crushing of samples 

Coarse crushing: c. 5 g of total chalk sample was crushed in agate mortar to size below 2 mm. 
Fine grinding: remaining sample was ground in agate ring mortar (SiebTechnik) for 1 min. at 
960 rot./min. 

BET was measured on coarsely crushed samples. 

The finely ground samples were used for: 

Carbonate content 
insoluble residue 
dissolution by 2 M HCl for chemical analysis (Si, Al, K) 
stable isotopes of oxygen and carbon 
X-ray diffraction (bulk) 

2. 2 Carbonate removal by HCl 2 M (insoluble residue) 

c. 0 .5 g - 20 g ( depends on concentration of carbonate) dry, finely ground sample was 
weighed (to 2 decimals) directly into plastic centrifugal container, and 50 ml distilled water 
was added, HCl 2 M was gradually added until all carbonate was dissolved and pH reached 2, 
and the sample rested overnight. Next the sample was centrifuged at 3000 rot./min., clear 
fluid was removed, the sample was washed in distilled water until no indication of chloride, 
and the sample finally was dried to constant weight at 50°C. 

After removal of all carbonate the insoluble residue was used for: 

dissolution by LiB02 for chemical analysis (Si, Al, K) 
X-ray diffraction (oriented sample) water-saturated- ethylene-glycol saturated at 
60°C- heated to 350°C - and to 550°C 
BET 

3. Chemical Analysis 

Results from the chemical analysis are summarized in Table 2. 

3.1 Carbonate content by titration 

c. 0.3 g dry, finely ground sample was weighed (to 4 decimals) directly in a conical flask, 
175 ml dist. water and 25.00 ml HCl 0.5000M were added together with c. 10 glass balls. 
Delicate boiling for 20 minutes to remove carbon dioxide totally. After cooling to room 
temperature, surplus HCl was titrated back with NaOH 0.5M to faint red color by 
phenolphthalein indicator. 
The concentration ofNaOH was checked daily. 
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Sample Characterization Fabricius, Nguyen 

3.2 LiB02 dissolution and AAS analysis of insoluble residue 

c 0.15 g dry, finely ground sample was weighed (to 4 decimals) directly into Pt- crucible and 
mixed with lg LiBO2 + 0.4g H3BO3• The crucible was heated slowly to 800°C and complete 
melting, and temperature was kept for 40 minutes. 
After cooling, the melt was heated and transferred to beaker by a mixture of 20 ml dist. water 
and 10 ml HNO3 1: 1 until all was dissolved. 
The contents of the beaker were moved quantitatively to a 100 ml volumetric flask and 
distilled water was added to fixed volume. 
This solution was used for measurement of Si, Al, K by atomic absorption spectral 
photometry, Perkin-Elmer model 5000. 

4. X-ray diffractometry 

X-ray diffractometry was done on bulk chalk sample as well as on the insoluble residue, and a 
qualitative interpretation was done (Table 3). 

4.1 On finely ground sample (bulk) 

c. 0.5 g finely ground total chalk sample was placed in a hole in a brass container, the surface 
of powder was smoothed by glass plate, and X-ray analysis was done. A Philips 1730/10 X
ray diffractometer was used using Cu K-a radiation and automatic divergent slit. 

4.2 On insoluble residue 

c. 0.03 g ins. residue was pulverized and mixed with 1.5 ml dist. water by a pipette. The 
suspension was placed on object glass and left to dry overnight, and X-ray analysis was done. 

4.3 Glycolation 

The sample from 4.2 was glycolated at 60°C for two days in desiccator and X-ray analysis 
was done. 

4.4 Heating 

The sample was heated to 350°C and X-ray analysis was done. The sample was subsequently 
heated to 550°C and X-ray analysis was done. 

5. BET (specific surface) 

A suitable amount of sample (for chalk: lg- 2g) was transferred into a BET-tube, which had 
been dried and weighed dry already. 
The sample was subsequently degassed under nitrogen at 70°C for 5 hrs. The tube with the 
sample was cooled and weighed. 
BET was measured by a Micromeritics Instrument, model Gemini III 2375 by using He gas 
for measurement of free-space multi pointer with nitrogen as adsorbing gas. 
Data are listed in Table 2. 
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Sample Characterization 

Table 2. Laboratory characterization data. 

Total sam ;,le 

Sample BET" 
ID m2/a 

01-1 3.33 

01-2 4 .37 

01 -3 3.82 

01-4 2.42 

Otto1-6 1.69 

Otto1-8 1.50 

T3-9 1.49 

T3-10 1.52 

Gert1-13 2.65 

Gert1-14 3.05 

Gert1-16 2.94 

Wl1-17 2.08 

Wl1-19 2.72 

Ba2-21 3.32 

Ba2-22 4 .18 

Ba2-23 3.35 

Ba2-24 3.05 

11-26 4 .68 

Ce18-30 3.00 

Ce1B-31 2.84 

Ce1B-32 2.79 

*multipoint 
**by titration 

613c 

"-

0.71 

1.22 

1.14 

1.25 

2.12 

2.01 

1.77 

2.20 

2.22 

1.81 

1.98 

2.30 

2.26 

1.35 

1.37 

0.75 

1.02 

2.75 

0.89 

1.33 

1.39 

Insoluble 
6110 CaC03- residue 

"- wt% wt% 

-6.24 84.5 13.1 

-7.23 83.5 15.5 

-5.22 70.2 26.6 

-5.93 78.2 17.6 

-5.16 95.0 3.2 

-4.89 97.1 1.4 

-5.64 96.7 2.0 

-4.21 96.1 2.2 

-4.57 69.2 28.9 

-4.49 74.3 22.7 

-2.89 84.9 12.8 

-3.59 93.3 5.1 

-3.45 92.7 5.9 

-3.51 83.0 14.4 

-3.48 78.3 19.3 

-4.65 70.8 25.6 

-4.79 79.2 18.1 

-3.64 84.7 11 .7 

-3.87 82.9 14.9 

-3.90 90.7 7.2 

-4.08 79.1 18.6 

Fabricius, Nguyen 

Insoluble residue 

BET" Si~ K~ Al203 total 

m2/a wt% wt% wt% wt% 

35.03 64.2 1.2 11.5 76.9 

46.48 54.0 2 .1 16.7 72.7 

12.35 78.8 0.4 3.4 82.5 

9.34 79.2 0.3 2.5 82.0 

26.33 59.4 0.9 14.2 74.5 

24.09 61.9 1.0 12.1 75.0 

40.68 52.1 1.9 14.4 68.4 

35.52 54.7 1.8 11 .7 68.3 

5.61 70.1 0.3 2.6 73.1 

11.30 70.1 0.5 3.3 73.9 

22.00 48.3 2.0 11.3 61 .6 

31.31 70.5 1.8 12.9 85.3 

39.74 65.9 2.4 15.7 84.0 

21 .96 78.1 0.7 6.3 85.0 

25.69 74.8 0.9 7.3 83.0 

14.27 80.2 0.4 3.3 83.9 

16.09 76.1 0.4 3.9 80.4 

24.62 45.5 2.4 22.0 69.9 

22.89 72.1 0.7 6 .3 79.1 

28.33 68.0 0.9 8.0 76.8 

12.60 72.8 0.3 2.6 75.8 

When BET of insoluble residue is multiplied by grain density it can be compared to BET of 
bulk sample (Figure 2). A linear relationship is found, which indicate that the variation in 
BET between samples is controlled by content of clay and silica, and that the calcite has a 
near constant contribution of 1.37 m2/g. This is a significantly lower number than the 1.85 
m2/g which was found from the South Arne field samples by Fabricius et al. (2003). The 
difference is probably caused by more extensive cementation in the present samples, causing 
the area of calcite exposed to pores to be relatively small. 

In accordance with this interpretation, an anomalously high BET of the bulk sample was 
found for the kaolinite bearing sample from the relatively uncemented Sola Formation of well 
1-1 (Figure 2). 
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Figure 2. Correlation of BET for bulk sample and 
insoluble residue becomes obvious when both 

8 

data sets refer to bulk sample. Samples are classified 
on the basis of thin section texture and 
mineralogical composition (see section 7). 
Data points in circles are not included in linear trend. 

6. Backscatter electron microscopy 

Fabricius, Nguyen 

♦ M < 3% clay and 
< 4°/c, quartz 

A W < 3% clay and 
< 4°/o quartz 

♦ M < 1 % clay and 
> 4% quartz 

A W < 1 % clay and 
> 4% quartz 

;; P < 1% clay and 
> 4% quartz 

♦ M > 2% clay and 
> 4% quartz 

A W > 6% clay and 
< 6% quartz 

:: P > 5% clay and 
< 4% quartz 

♦ M 5% kaolinite 

Backscatter electron microscopy was done on polished epoxy-impregnated and carbon coated 
samples. 
A JEOL 3SM-5900 microscope was used with the following settings: 20kV acceleration 
voltage, and 10 mm working distance. 

The images were sampled as rectangular images at two magnifications: 400 by 300 microns 
and 40 by 30 microns. On each sample four sets of images were sampled at regular intervals 
along a vertical line. The 400 by 300 micron images give information of the bulk composition 
of the sample, whereas the 40 by 30 micron images give information on the fine grained 
matrix of the typically bi-modally sorted chalk. The images were stored as bitmap files. 

Each image is composed of 1280 by 960 square pixels, so that the pixel dimensions are 
0.3125 by 0.3125 microns at the low magnification and 0.03125 by 0.03125 microns at the 
high magnification. 
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7. Model of mineralogical composition 

The mineralogical composition of the samples was modeled based on X-ray diffraction, wet 
chemical analysis, thin section microscopy, backscatter electron microscopy, and EDAX-data 
(Table 3). The strategy was as follows: 

1) Solids dissolvable in 2 M HCl were assumed to be calcite 
2) All K goes to K-feldspar, 
3) Remaining Al is distributed among clay-minerals and albite based on X-ray diffraction 

data. 
4) Remaining Si in insoluble residue goes to quartz, 

Table 3. Mineralogical model. 

Tex- K-feld- Clay-
Sample ture* Calcite Quartz spar Alblte type** Clay Present Trace Trace 

ID wt% wt o/o wt% wt o/o wt o/o 

01-1 w 84.47 5.80 0.98 ch-sm 6.58 Fe-calcite ovrite 

01-2 p 83.51 3.75 1.98 ch-sm 10.99 Fe-calcite ovrite aoatite 

01-3 m-w 70.18 19.34 0.64 eh? 3.89 ovrite TiC>.! 

01-4 D 78.21 13.74 0.31 1.94 pyrite apatite 

Otto1-6 m 95.01 1.14 0.17 eh-ii 2.08 pyrite apatite 

Otto1-8 m 97.05 0.55 0.09 0.08 eh-ii 0.69 Dolomite 

T3-9 w 96.69 0.52 0.23 sm-il-ch 1.21 pyrite 

T3-10 m 96.07 0.73 0.25 sm-il-ch 1.06 Dolomite pyrite 

Gert1-13 m-w 69.15 17.77 0.53 3.29 Fe-calcite Ti02 

Gert1-14 w 74.32 15.09 0.69 3.12 Ti~ 

Gert1-16 D 84.92 3.22 1.58 0.57 sm-il-ch 5.17 TiC>.! 

WL 1-17 m 93.25 1.89 0.59 1.38 sm-il-ch 1.38 

WL1-19 m 92.73 1.46 0.90 1.92 sm-il-ch 1.92 Fe-calcite Ti02 apatite 

Ba2-21 m 82.97 8.91 0.63 1.95 sm-il-ch 1.95 

Ba2-22 m-w 78.33 10.80 1.07 3.03 sm-il-ch 3.03 ovrite 

Ba2-23 m-w 70.84 18.31 0.56 3.66 aoatite 

Ba2-24 m 79.15 11.51 0.46 2.77 sm 0.31 
sm-il-ch 

11-26 m 84.67 1.59 1.74 kaolinite 5.23 0.56wt% 

Ce1B-30 m 82.90 9.10 0.63 sm 4.11 ovrite aoatite 

Ce1B-31 m 90.73 3.81 0.40 0.25 sm 2.25 Ti02 apatite 

Ce18-32 m 79.11 12.72 0.33 2.14 Fe-calcite 

* from thin sections, p: packstone, w: wackestone, m: mudstone, Dunham (1962). 
* * clay type, eh: chlorite, sm: smectite, il: illite 
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Total 

wt% 

97.84 

100.24 

94.04 

94.20 

98.40 

98.46 

98.65 

98.11 

90.74 

93.22 

95.46 

98.49 

98.92 

96.42 

96.26 

93.38 

94.20 

93.80 

96.74 

97.45 

94.30 
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8. Image analysis 

The scanning procedure leaves the images skewly illuminated in the left right direction. This 
skewness is barely visible with the unaided eye. The skewness was removed by a mat-lab 
routine kindly provided by Keld Dueholm, IMM, DTU. 

Image analysis was done by the free software UTHSCSA Image Tool (Table 4). 
The procedure was as follows: On the 400 by 300 micron images the amounts of large 
porosity and oflarge grains were assessed from the grey level distribution of the image after 
applying a 9 by 9 averaging filter three times. Large porosity, <p1arge, and large grains, G1arge, 

were chosen so that they have a diameter of above c. 5 microns in cross section. 

From large porosity and large grain content together with insoluble residue, GLr., and He
porosity, small grains, G11mau, small porosity, <psman, and matrix porosity, <pmatnx, were calculated 
under assumption of grain density of insoluble residue equal to grain density of bulk sample. 
This is not strictly true, but has insignificant influence on resulting image analysis data. From 
the same data, matrix calcite content, Cmatrix, was calculated. 

<p1arge 

Gsmall 
cpsmall 

G · 1.r. 

\ v I 

q> 

Figure 3. Schematic representation of chalk composition. The light grey components 
(large porosity, q>1arge, and large grains, G1arge) are measured by image analysis of 300 
by 400 micron backscatter electron images. The dark grey components are seen at 
high magnification backscatter electron images (30 by 40 microns). (R0gen et al. 
2001). 

The 40 by 30 micron images were used for measuring the specific circumference, Spar of the 
calcite crystals composing the nannofossils and fossil debris. In order to smooth away the 
noise at pore-crystal interfaces, the images were first smoothed by applying a 9 by 9 
averaging filter one time. The calcite phase was then selected as one grey level with an eye on 
the matrix calcite content calculated above, and the remaining image as another grey level. 
This binary image was then used for measuring the specific circumference of the calcite 
crystals by applying a 3 by 3 cross filter according the procedure of Borre et al. (1997). 
Specific circumference with respect to bulk area, S, and specific circumference with respect 
to pores, S<p, was calculated from Spar and the matrix calcite content. 
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Table 4. Image analysis data. 

Core ana- Image analysis data, 30 by 40 
lvsls data lmaae analvsls data, 300 bv 400 microns microns 

Sample He-
ID DOr G1.,. Clllarae G1arae Gomall CD.mall Cllmatrtx Cmalrix Cmatrix s s_ s ... , 

% •A, % % % % % % % 1/mv 1/mv 1/my 

01-1 14.45 13.29 2.3 15.1 57.2 12.2 17.5 69.2 68.6 0.94 2.99 1.37 

st.dev. 1.6 3.7 3.7 1.6 1.7 1.4 1.4 0.07 0.17 0.12 

01-2 8.88 15.03 1.4 52.2 23.9 7.5 24.3 51 .1 51.3 0.96 2.00 1.88 

st.dev. 0.3 4 .5 4.5 0.3 3.4 4.9 5.4 0.11 0.39 0.22 

01-3 15.11 25.31 0.4 6.2 53.4 14.7 21.6 57.2 57.0 1.22 2.83 2.14 

st.dev. 0.1 1.5 1.5 0.1 0.5 0.7 0.9 0.11 0.26 0.19 

01-4 9.4 19.74 1.3 30.6 40.2 8.1 16.9 58.9 60.4 0.86 2.18 1.43 

st.dev. 0.6 5.5 5.5 0.6 1.7 3.1 3.6 0.14 0.38 0.25 

Otto1-6 19.78 4.00 0.7 7.6 68.6 19.1 21.8 74.8 75.0 0.82 3.27 1.09 

st.dev. 0.1 3.4 3.4 0.1 0.9 1.0 1.1 0.03 0.06 0.06 

Otto1-8 20.74 2.34 1.5 5.0 71 .9 19.2 21 .1 76.9 76.9 0.77 3.35 1.01 

st.dev. 1.0 3.4 3.4 1.0 1.5 1.5 1.5 0.03 0.13 0.05 

T3-9 19.1 2.68 0.3 3.1 75.1 18.8 20.0 77.8 77.8 0.76 3.44 0.98 

st.dev. 0.1 2.3 2.3 0.1 0.5 0.6 0.4 0.05 0.18 0.06 

T3-10 24.8 2.96 0.5 5.1 67.2 24.3 26.6 71 .1 70.9 0.95 3.26 1.34 

st.dev. 0.2 3.6 3.6 0.2 1.1 1.2 1.1 0.06 0.11 0.10 

Gert1-13 11 .58 27.28 0.3 11.8 49.3 11.3 18.8 56.0 56.1 1.01 2.30 1.80 

st.dev. 0.1 4.9 4.9 0.1 1.6 2.5 2.5 0.09 0.26 0.16 

Gert1-14 6.99 23.88 0.2 22.6 46.5 6.7 12.8 60.1 60.4 0.96 2.46 1.60 

st.dev. 0.2 7.0 7.0 0.2 1.8 3.7 3.8 0.05 0.35 0.03 

Gert1-16 5.19 14.30 1.0 69.6 10.9 4.2 31 .0 35.4 68.0 0.83 2.80 1.37 

st.dev. 0.5 5.5 5.5 0.5 11 .5 12.2 16.7 0.25 0.63 0.82 

WL1-17 6.41 6.32 0.1 5.5 81.8 6.3 7.1 86.6 86.6 0.65 4.82 0.75 

st.dev. 0.0 1.8 1.8 0.0 0.2 0.3 0.3 0.03 0.20 0.04 

WL1-19 8.12 6.68 0.1 5.3 79.9 8.0 9.1 84.5 84.5 0 .74 4.78 0.88 

st.dev. 0.0 3.3 3.3 0.0 0.3 0.5 0.5 0 .03 0.21 0.03 

Ba2-21 24.31 12.89 1.5 7.4 55.4 22.8 29.2 60.8 60.7 1.22 3.09 2.01 

st.dev. 0.8 1.4 1.4 0.8 0.9 0.8 0.7 0.13 0.33 0.23 

Ba2-22 24.3 16.40 4.1 10.1 49.2 20.2 29.2 57.3 57.1 1.32 3.09 2.31 

st.dev. 1.6 5.1 5.1 1.6 3.5 3.4 3.7 0.08 0.36 0.16 

Ba2-23 17.7 24.00 6.8 11.5 46.8 10.9 18.9 57.2 57.2 1.10 2.58 1.93 

st.dev. 0.9 4.2 4.2 0.9 2.6 2.7 2.5 0.05 0.23 0.09 

Ba2-24 22.31 16.20 4.4 9.9 51.6 17.9 25.8 60.1 60.3 1.10 2.78 1.83 

st.dev. 0.8 2.9 2 .9 0.8 0.9 1.1 1.1 0.09 0.27 0.14 

11-26 28.12 11 .02 0.8 2.0 58.8 27.4 31.7 60.5 60.7 1.25 3.18 2.06 

st.dev. 0.4 0.9 0 .9 0.4 0.5 0.5 0.6 0.18 0.43 0 .31 

Ce1B-30 15.38 14.47 1.9 5.5 64.7 13.4 17.2 69.8 70.1 1.03 3.45 1.47 

st.dev. 0.9 2.7 2.7 0.9 1.3 1.3 1.1 0.06 0.26 0.09 

Ce1B-31 22.57 7.18 1.1 3.9 66.3 21 .5 24.5 69.8 69.9 1.17 3.88 1.67 

st.dev. 0.4 1.1 1.1 0.4 0.5 0.5 0.3 0.07 0.23 0.11 

Ce1B-32 6.69 19.49 2.4 32.1 41.7 4.3 9.1 63.6 63.8 0.80 2.22 1.26 

st.dev. 2.3 3.8 3.8 2.3 4.7 2.2 2.6 0.06 0.05 0.14 
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9. Combined textural-mineralogical model, iso-frame 

Based on mineralogical, textural and image analysis data a combined textural-mineralogical 
model can be defined by using an iso-frame concept (Fabricius, 2003, Figure 4, Table 5). 
Large grains as measured by image analysis were assumed to be part of the supporting frame. 
Fine-grained silicates observed by petrography to be non-supporting were defined as in 
suspension. The remaining solids were assigned to be part of the frame or the suspension, so 
as to match core analysis data on P-wave, M and Shear-moduli, G (Olsen, 2004). 

M=pvl and G=pvs2, 

where p is bulk density and Vp and vs are P-wave- respectively shear-wave velocities. All data 
were modeled by using a Modified Hashin Shtrikman model for a multi-component system as 
formulated by Berryman (1995, as cited in Mavko et al. 1998) and Fabricius (in review). A 
critical porosity of 70% was assumed. 

Table 5. Composition modeled from wet data shear modulus. Air content is modeled 
from P-wave modulus and shear-model. 

Frame suspension 

air water calcite auartz feldspar kaolinite calcite Quartz kaolinite smectite 

(%) (%) (%) (%) (%) (%) (%) (%) 

Q1 -1 0.0002 14.45 49.51 1.52 0.91 0.00 24.62 3.69 

Q1-2 0.0002· 8.88 50.20 0.83 1.92 0.00 25.99 2.67 

Q1-3 0.0002·· 15.11 49.42 13.51 0.61 0.00 13.70 4.28 

Q1-4 0 .0002 9.40 65.51 10.57 2.24 0.00 9 .71 2.94 

Otto1-6 0 .0022 19.78 61 .91 0.74 0.15 0.00 15.83 0.22 

Otto1-8 0 .0016 20.74 62.12 0.36 0.14 0.00 16.29 0.10 

T3-9 0.0015 19.10 58.36 0.31 0.20 0.00 21.23 0.12 

T3-10 0.0008 24.80 49.93 0.37 0.21 0.00 23.98 0.20 

Gert1-13 0.0095 11.57 59.47 15.22 3.82 0.00 7.17 2.29 

Gert1-14 0.0005* 6.99 67.78 6.81 3.86 0.00 4.73 8.24 

Gert1-16 0.0005* 5.19 70.57 1.46 2.24 0.00 13.46 1.79 

WL 1-17 0.0004 6.41 84.50 1.75 1.97 0.00 4.77 0.11 

WL1-19 0.0013 8.12 79.66 1.27 2.73 0.00 6.79 0.12 

Ba2-21 0.0009 24.31 41.59 2.12 2.11 0.00 23.54 5.04 

Ba2-22 0.0004 24.30 36.75 4.50 3.35 0.00 24.85 8.53 

Ba2-23 0.0025 17.70 56.60 7.31 3.85 0.00 5.61 9.13 

Ba2-24 0.0009 22.31 48.05 3.35 2.75 0.00 16.99 6.33 

11-26 0.0032 28.12 39.01 1.24 1.40 2.43 25.64 0.00 

Ce1B-31 0.0008 22.57 52.99 1.11 0.54 0.00 19.11 1.98 

Ce1B-32 0.0002 6.69 67.67 4.96 0.35 0.00 10.61 7.91 

* No shear data, air content estimated from comparison with similar samples. 
** Modeled by asswning quartz to provide maximal mineral shear modulus. 

(%) 

0.00 

0.00 

0.00 

0 .00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 .00 

0.00 

0.00 

1.69 

0.00 

0.00 
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For this model the mineral phase with the highest bulk modulus (K = M - 4/3G) and the 
highest shear modulus must be chosen. Feldspar has the highest bulk modulus {Table 6), but 
is sparse, so calcite was in all cases chosen to represent the phase with the highest bulk 
modulus. The choice of the phase representing the highest shear modulus was more difficult, 
because quartz has the highest shear modulus and in several samples has a significant 
contribution to the supporting frame, but at the same time calcite is the dominating fase. For 
each sample, both possibilities were tested to see where the best match could be found 
between modeling based on water saturated shear wave modulus and modeling based on 
water saturated P-wave modulus. In only one case quartz was chosen to be the dominating 
phase with respect to shear modulus. 

Table 6. Elastic moduli of components. 

P-wave Shear Bulk 
modulus modulus modulus 
M G K 
(GPa) (GPa) (GPa) 

Citations in Mavko, Mukerji, and 
calcite 111.3 30.4 70.8 Dvorkin, 1998, o. 307-308. 

Citations in Mavko, Mukerji, and 
Quartz 97.0 44.8 37.3 Dvorkin, 1998, o. 307-308. 

Citations in Mavko, Mukerji, and 
feldsoar 109.7 25.6 75.6 Dvorkin, 1998, o. 307-308 

*Trager, W.E. (1971) Optische 
Bestimmung der gesteinsbildenden 

kaolinite 42.1 10.5 28.1 Minerale. 
*Tr0ger, W.E. (1971) Optische 
Bestimmung der gesteinsbildenden 

smectite 43.0 10.8 28.7 Minerale. 
Calculated from data in CRC 
Handbook of Chemistry and Physics, 

air 0.00014 0.00014 1986. 
equilibrated tap Calculated from citations in Mavko, 
water 2.22 2.22 Mukerii, and Dvorkin, 1998. 

Modeling of water saturated P-wave modulus is dependent of possible residual air saturation, 
so water saturated shear modulus was chosen as the basis for defining the IF-value, indicating 
to which extent the solid phase may be imagined as in the supporting frame of the sediment. 
In order to model water saturated P-wave modulus, air-saturation was subsequently modeled 
so as to match P-wave and shear-data. In every case the modeled air-saturation was below the 
detection limit reported by Olsen (2004) (Table 5). When water saturated P-wave modulus is 
modeled under assumption of 100% water saturation, IF values are lowered by 0.01 to 0.07 
(Table 7). IF modeled on the basis of dry P-wave modulus tend to match the IF based on wet 
data, whereas IF based on dry shear moduli tend to be higher by up to around 0.1 (Table 7, 
Figure 5). 

IF values tend to increase with depth, and as might be expected IF tends to be relatively high 
for well sorted (mudstone) textures and relatively low for poorly sorted (clay rich) textures 
(Figure 6). 
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Figure 4. lso•frame (IF) model for chalk. (a) Chalk mudstone with 28.1 % porosity. Of the bulk 
volume 5.9% is fine grained silicates. (b) By petrographic image analysis the fine•grained 
calcite (including a pyrite crystal) is marked as white and the pore space as black. The fine 
grained silicates are symbolized by grey circles. The specific perimeter of the white phase is 
calculated to be 2.9 micron·1. From correlation with elastic data, this specific perimeter 
corresponds to an IF value of 0.65 for the fine-grained calcite. When taking large pores and 
grains (not visible at this magnification) and fine.grained silicates into account. we obtain an 
IF value of 0.6 for the sample. (c) Model: of the solid phase 70% is forming a frame with 
spherical pores. The remaining solids are suspended in the fluid within the pores. 

Table 7. lsoframe models based on different data sets. 

Wetsamoles Drv samoles 

a ir water a ir water 

(%) (%) (%) (%) IF dry-G IF drv-M IF wet lG) IF wet-M, no a ir 

modeled measured 

01-1 0.0002 14.45 13.51 0.94 0.78 0.68 0.61 0.59 

0 1-2 0.0002 8.88 7.67 1.21 0.75 0.61 0.58 0.54 

01-3 0.0002 15.11 14.35 0.76 0.81 0.78 0.75 0 .74 

01-4 0.0002 9.40 8.99 0.41 0.91 0.87 0.86 0.85 

Otto1-6 0.0022 19.78 19.64 0.14 0.82 0.73 0.78 0.74 

Otto1-8 0.0016 20.74 20.62 0.12 0.82 0.75 0.79 0.75 

T3-9 0.0015 19.10 18.97 0.13 0.78 0.70 0.73 0.68 

T3-10 0.0008 24.80 24.70 0.10 0.72 0.65 0.67 0.64 

Gert1-13 0.0095 11.57 11.16 0.42 0.92 0.88 0.89 0.86 

Gert1-14 0 .0005 6.99 6.21 0.78 0 .93 0.86 0.86 0.84 

Gert1-16 0 .0005 5.19 4.22 0.97 0.85 0.78 0 .79 0.74 

WL1-17 0.0004 6.41 6.03 0.38 0.97 0.94 0.93 0 .92 

WL1-19 0.0013 8.12 7.67 0.45 0.95 0.90 0.91 0.89 

Ba2-21 0.0009 24.31 23.92 0.39 0.70 0.64 0.60 0.57 

Ba2-22 0.0004 24.30 23.72 0.58 0.71 0.62 0.59 0.56 

Ba2-23 0.0025 17.70 17.10 0.60 0.88 0.82 0.82 0.78 

Ba2-24 0.0009 22.31 21 .60 0.71 0.77 0.69 0.70 0.66 

11-26 0.0032 28.12 27.53 0.59 0 .74 0.58 0.61 0.54 

Ce1B-31 0.0008 22.57 22.57 0.00 0 .79 0 .72 0.71 0.68 

Ce1B-32 0.0002 6.69 5.74 0.95 0 .86 0 .82 0 .78 0.76 
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• Wet shear modulus 1 

o wet P-wave modulus 

• Dry shear modulus 

o Dry P-wave modulus 

Figure 5. IF values as function 
of depth for dry M, G, and wet 
M,G . 
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Figure 6. IF values calculated from 
water saturated core data. IF values 
tend to increase with depth and to 
be relatively high for well sorted 
(mudstone) texture and to be low 
for clay- bearing samples. (For 
legend see Figure 2). 
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10. Effect on elastic properties of texture and mineralogy, including South Arne data. 
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Figure 7. P-wave velocity for water 
saturated and for dry samples. Data from 
South Arne field from the earlier rock 
physics projects are included. Please 
observe that legend is different from that 
of Figure 2 and 7. 

Porosity and elasticity is controlled by texture 
and mineralogy in different ways. Whereas 
porosity is primarily controlled by texture, 
acoustic velocity is controlled by porosity and 
mineralogy. Poorly sorted textures 
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50 

Figure 8. Comparison of vs vs. porosity for dry and for water saturated samples. For 
legend please see Figure 7. 

E&RDTU 16 31-03-2005 



Sample Characterization 

2.2 -----------

2.0 

1.8 

1.6 +-------....--------t 
0 25 

Porosity (%) 

50 

Fabricius, Nguyen 
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Figure 9. Comparison of Vp/Vs ratio vs. porosity for dry and for water saturated 
samples. For legend please see Figure 7. 

(wackestone and packstone -especially clay-bearing) tend to have low porosity, whereas well 
sorted textures (mudstone) tend to have high porosity (Figure 7, we have included existing 
data from the South Arne field (Japsen et al., 2001 and Japsen et al., 2003)). 

Quartz-rich samples fall slightly below calcite-rich samples on the P-wave-velocity Vp -
porosity trend (Figure 7), for wet as well as dry samples; and quartz rich samples fall slightly 
above the calcite rich samples in the vs-porosity trends (Figure 8). This mineralogical effect is 
enhanced in vp/vs plots (Figure 9). 

The extremely clay rich samples are clay-supported samples from the top layers of the South 
Arne field (Fabricius et al. in review). For a given porosity they tend to have low Vp and vs for 
wet and for dry samples (Figure 7, 8). But the clay effect is not equal resulting in high Vp/vs 
for wet samples and low Vp/Vs for dry samples (Figure 9). 

Similar to vp/vs, Poisson's ratio for water saturated samples exhibit relatively high values for 
low and for high porosities ( or low and high acoustic impendence) in accordance with the 
observation ofGommesen et al. (2003). 

0.4 -----------

♦ ♦ 
♦ 

♦ 

0.2 ,._ _________ ..--t 

3 7 11 15 

Al (106 kg/m2/s) 

E&RDTU 17 

Figure 10. Poisson's ratio, 
v, versus acoustic 
impedance, Al, for water 
saturated samples. 
v = (vp2

- 2vs2)/2(vl-vs2). 
Al = pVp. For legend 
please see Figure 7. 
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11. Cementation vs. depth and stress curves 

One of the purposes of the present project was to discuss which burial-related factor controls 
the elastic properties of the rock: temperature or effective stress. By assuming a generally 
uniform geothermal gradient, we use depth as a proxy for temperature, whereas effective 
vertical stress, cr' , was calculated from Terzhagi' s equation: 

cr' = cr - 13 p 

where the total overburden stress, cr , was estimated by assuming an average overburden bulk 
density, p, of2000 kg/m3 and an acceleration of gravity, g, of 10 m/s2

: 

cr' = depth p g 

The pore pressure, P , was obtained from well test data (P. Japsen, personnel communication) 
and the factor describing the effectiveness of the pore pressure, 13. 13 has 1 as its upper bound, 
whereas its lower bound may be approximated by Biot's coefficient: 

where l<ciry is bulk modulus of the dry sample, and Ko is bulk modulus of solid phase, in this 
case assumed to be calcite: Ko= 71 MPa. Biot's coefficient is near 1 at shallow depth, but in 
the studied depth interval it reaches values as low as 0.3 (Figure 11 ). When 13 is plotted versus 
effective vertical stress calculated using Biot's coefficient, it declines with stress along a trend 
independent of texture and mineralogy (Figure 11). 
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Figure 11. Biot's coefficient, 13, as a function of vertical depth, and as function of 
vertical effective stress. For legend see Figure 7. 
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Figure 12. Porosity as a function of vertical depth, and as function of vertical effective 
stress. For legend see Figure 7. 

We find that porosity is more clearly related to effective stress than to burial depth (Figure 
12), but clay-bearing poorly sorted lithologies tend to have relatively low porosity for a given 
effective stress, and the well sorted, calcite rich lithologies tend to have relatively high 
porosity for a given effective stress (Figure 12). The degree of cementation may be estimated 
from the following parameters: the iso-frame value, IF, and the ratio of stable oxygen 
isotopes, 6180. IF is supposed to increase with cementation, 6180 to decrease. Neither exhibit 
a clear depth trend (Figures 13, 14), but versus effective vertical stress calculated by using 
Biot's coefficient, 6180 decreases until an effective stress of22 MPa and IF increases 
monotoneously in the entire depth interval (Figures 13, 14). Clay rich and poorly sorted 
lithologies have relatively low IF (Figure 13). 

When turning to classical acoustic properties, we find that the acoustic impedance for wet 
samples overall increases with depth, but that the margin of variation is large, especially for 
samples from the reservoir section of the South Arne field around 2800 m TVD (Figure 15). 
When Al is plotted versus vertical effective stress. The data seem to fall along two linear 
trends: one for samples under less than 22 MPa effective stress, one for samples under 
effective stress of more than 22MPa (Figure 15). Data from the reservoir section do not stand 
out as anomalous when plotted against vertical effective stress. 

Poisson's ratio for dry samples tends to increase with vertical effective stress (Figure 16): 
Clay-bearing and poorly sorted lithologies tend to have low values. For water saturated 
samples, Poisson's ratio decreases with depth. Clay rich samples tend to have high values 
(Figure 16). 
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Figure 13. Isa-frame value, IF, as a function of vertical depth, and as function of 
vertical effective stress. For legend see Figure 7. 
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Figure 14. The ratio of stable oxygen isotopes, 0180, as a function of vertical depth, 
and as function of vertical effective stress. For legend see Figure 7. 
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13. Electron micrographs and thin section photos. 
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Q-1 sample 1 

0.7mm 

Thin section micrograph 

Depth 3049 m effective depth 1599 m (~ = l) - 2170 m (~ calculated). 
Ekofisk Formation 

Wackestone 
84% calcite (Fe-bearing cement) 
6% quartz, mainly fine-grained dessiminated in pores 
1% feldspar 
7% clay ( chlorite-smectite) 
tr. pyrite 

He-porosity 14.45% 

=E=&=Re-::D:a..,T...,U,.___ _______ 24, _________ -=3::....,:1_,-0=3-=-2=0=05 
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Q-1 sample 1. Backscatter electron rnicrographs 

=E&=R=D::...:TU:..=... _______ 25 ________ --=3=1-~0.:::..3--=2=00=-5 
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Q-1 sample 2 

0.7 mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 3051 m effective depth 1601 m (13 = 1)- 2122 m (13 calculated). 

Ekofisk Formation 

Packstone 
84% calcite (Fe-bearing cement) 
4% quartz 
2% feldspar 
11 % clay ( chlorite-smectite) 
tr. pyrite 
tr. apatite 

He-porosity 8.88% 

=E=&=R=-=D~T:..:U~ _______ 26 ________ --=3-=-1-"""'0=-3--=20=0c.=5 
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Q-1 sample 2. Backscatter electron micrographs. Large gray grains are quartz. 

=E&=R=-=D--=-TU-=-_______ ,27 _________ 3~1-_0_3--2~00_5 
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Q-1 Sample 3 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 3052 m effective depth 1603 m (f3 = 1)- 2379 m (J3 calculated). 

Ekofisk Formation 

Mud-wackestone 
70% calcite 
19% quartz, mainly fine-grained 
<1% feldspar 
4% clay (chlorite-smectite) 
tr. pyrite 
tr. Ti02 

He-porosity 15 .11 % 

=E=&=R=D,.__,T,._,,U,.__ _______ 28 _________ _,3=1....!-0=3_.-2=0=05 
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Q-1 sample 3. Backscatter electron micrographs 

=E&=R-=D--=-TU-=--_______ 29 ________ --=3=1-"""'0"""3--=2=00"-=5 
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Q-1 Sample 4 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 3056 m effective depth 1607 m (J3 = 1) - 2532 m (J3 calculated). 

Ekofisk Formation 

Packstone 
78% calcite 
14% quartz, mainly fine-grained 
2% feldspar 
tr. pyrite 
tr. apatite 

He-porosity 9 .40% 

=E=&=R~D::a..T.:..U::::;_ _______ 30 _________ ~3~1-~0.:::..3--=2~00=5 
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Q-1 sample 4. Backscatter electron micrographs 

=E&=R=D-=-TU=--______ 31 ________ ......:::..,31:....;-0=3'--"-2=0=05 



Sample Characterization Fabricius, Nguyen 

Otto-1 Sample 6 

0.7mm 

Thin section micrograph 

Depth 2555 m effective depth 1095 m ('3 = 1) - 1686 m ('3 calculated). 

Hod Formation 

Mudstone 
95% calcite 
1 % quartz, mainly fine-grained 
2% clay ( chlorite-illite) 
<1 % feldspar 
tr. pyrite 
tr. apatite 

He-porosity 19. 78% 

=E=&=R'-"D::..,TU~ _______ 32. _________ -=3a..::1--=-0=3-=-2=0=05 
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Otto-I sample 6. Backscatter electron micrographs 

=E& ............ R-=D ___ TU ___________ 33 ________ ~3~1-~0~3-_2~00~5 
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Otto-1 Sample 8 

Thin section micrograph 

Depth 2558 m effective depth l 098 m (~ = 1) - 1698 m (~ calculated). 

Hod Formation 

Mudstone 
97% calcite 
<1 % quartz, mainly fine-grained 
< 1 % clay ( chlorite-illite) 
<1 % feldspar 
tr. dolomite 

He-porosity 20.74% 

=E=&=R;:..;;D::;..TUa:..;;.. ________ 34 _________ ---:::.3..o:...1-~0-=--3-..::2~0=05 



Sample Characterization Fabricius, Nguyen 

Otto- I sample 8. Backscatter electron micrographs 

_E&~R~D~TU~ _______ 35 ________ --=3c...:..1--=0=-3--=2=00==-5 
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T-3 sample 9 

0.7 mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 2535 m effective depth 1075 m (~ = 1) - 1648 m (~ calculated). 

Tor Formation 

Wackestone 
97% calcite 
<1 % quartz, mainly fine-grained 
<1 % feldspar 
1 % clay ( chlorite-illite-smectite) 
tr. pyrite 

He-porosity 19 .10% 

=E=&=R=-=D::;..:T:..:U:a...,_ _______ 36. __________ ....:::3~1-...,.0..._3--=20=0=5 
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... 

Fabricius, Nguyen 

'If~"" .,, '... . 

T-3 sample 9 B . ackscatter electron . _., trucrographs 
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T-3 sample 10 

Thin section micrograph 

Depth 2561 m effective depth 1101 m (P = 1) - 1559 m (P calculated). 

Tor Formation 

Mudstone 
96% calcite 
<1 % quartz, mainly fine-grained 
<1% feldspar 
1 % clay ( chlorite-illite-smectite) 
tr. pyrite 

He-porosity 24.80% 

,..,E=&=Re...:D;:;..T:...::U"'-_______ 38. __________ ....:::.3...:...1-....:::.0:::...3-=20=0=5 
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T-3 sample 10. Backscatter electron micrographs 

=E&=R=D;..;aTU-=--_______ 39 _________ ____,;;3:;..;al....::-0=3-__ 2..,_00-=-5 
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Gert-1 sample 13 

Thin section micrograph 

Depth 3875 m effective depth 2235 m (13 = 1) - 3220 m (13 calculated). 

Hidra F onnation 

Mud-wackestone 
69% calcite (Fe-bearing cement) 
18% quartz, mainly fine-grained 
4% feldspar 
tr. Ti02 

He-porosity 11.58% 

=E=&=R:;..:Da:..T:..;U::;.._ ________ 40 __________ ---=3:....:.1....::-0=3-=-2=0=05 
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Gert-1 sample 13. Backscatter electron micrographs 

=-E& ____ R=D-=-TU-=---_______ 41 _________ ~3_1~-0~3-_2~00_5 
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Gert-1 sample 14 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 3877 m effective depth 2237 m (J3 = 1) - 3282 m (J3 calculated). 

Hidra Formation 

Wackestone 
74% calcite 
15% quartz, mainly fine-grained dessiminated in pores 
4% feldspar 
tr. Ti02 

He-porosity 6.99% 

~E=&=R::..:D~TU~ ________ 42. __________ ---=3=1~-0=3...::-2=0=05 



Sample Characterization Fabricius, Nguyen 

Gert-1 sample 14. Backscatter electron micrographs 

=-E&=R=D ____ TU ____________ 43 _________ ~3_1--0 ...... 3--2~00_5 
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Gert-1 sample 16 

0.7mm 

Thin section micrograph 

Depth 3881 m effective depth 2241 m (13 = 1) - 3227 m (13 calculated). 

Hidra Formation 

Packstone 
85% calcite (Fe-bearing cement) 
3% quartz, mainly fine-grained 
2% feldspar 
5% clay ( chlorite-illite-smectite) 
tr. Ti02 

He-porosity 5.19% 

.:::::E=&=Ra..!:D~T~U~ ________ 44 __________ --=3=1-"-0=3-=-2=0=05 
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Gert-1 sample 16. Backscatter electron rnicrographs 

=E&'"'"'--'--R-=D ___ TU _____________ 45 ______________ 3-'--1 ..... -0 ...... 3--=2 ...... 00~5 
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WestLulu-1 sample 17 

0.7 mm 

Thin section micrograph 

Depth 3361 m effective depth 1971 m (13 = 1) - 3064 m (13 calculated). 

Hod Formation 

Mudstone 
93% calcite 
2% quartz, mainly fine-grained 
2% feldspar 
1% clay (chlorite-illite-smectite) 

He-porosity 6.41 % 

-=E=&=R:::..:D::a..T-=-U""-________ 46. __________ ""'"'3"""1"--0=3"--"-2=0=0=5 
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West Lulu-1 sample 17. Backscatter electron micrographs 

=E&=R-=Da...:TU-=-________ 47 _________ ~3:..:.1....::-0=3--=2=00=5 
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West Lulu-1 sample 19 

0.7mm 

Thin section micrograph 

Depth 3378 m effective depth 1988 m (J3 = 1)- 2970 m (J3 calculated). 

Hod Formation 

Mudstone 
93% calcite (Fe-bearing cement) 
1 % quartz, mainly fine-grained 
3% feldspar 
2% clay ( chlorite-illite-smectite) 
tr. apatite 
tr. Ti02 

He-porosity 8.12% 
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Sample Characterization Fabricius, Nguyen 

West Lulu-I sample 19. Backscatter electron micrographs 
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Sample Characterization Fabricius, Nguyen 

Baron-2 sample 21 

0.7mm 

Thin section micrograph 

Depth 2833 m effective depth 1103 m (13 = 1) - 1636 m (13 calculated). 

Ekofisk Formation 

Mudstone 
83% calcite 
9% quartz, mainly fine-grained dessiminated in pores 
3% feldspar 
2% clay ( chlorite-illite-smectite) 

He-porosity 24.31 % 
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Sample Characterization Fabricius, Nguyen 

Baron-2 sample 21. Backscatter electron micrographs 
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Sample Characterization Fabricius, Nguyen 

Baron-2 sample 22 

Thin section micrograph 

Depth 2836 m effective depth 1106 m ((3 = 1) - 1601 m ((3 calculated). 

Ekofisk Formation 

Mud-wackestone 
78% calcite 
11 % quartz, mainly fine-grained dessiminated in pores 
4% feldspar 
3% clay (chlorite-illite-smectite) 
tr. pyrite 

porosity 24.30% 

=E=&=R...,,D=T,,__,U:::.._ ________ 52, ___________ 3=1=-·=03::...•=20::..:0=5 



Sample Characterization Fabricius, Nguyen 

Baron-2 sample 22. Backscatter electron micrographs 
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Sample Characterization Fabricius, Nguyen 

Baron-2 sample 23 

Thin section micrograph 

Depth 2837 m effective depth 1107 m (~ = 1) - 1948 m (~ calculated). 

Ekofisk Formation 

Mud-wackestone 
71% calcite 
18% quartz, mainly fine-grained dessiminated in pores 
4% feldspar 
tr. apatite 

He-porosity 17.70% 
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Sample Characterization Fabricius, Nguyen 

Baron-2 sample 23. Backscatter electron micrographs 
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Sample Characterization 

Baron-2 sample 24 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 2844 m effective depth 1114 m (13 = 1) - 1716 m (13 calculated). 

Ekofisk Formation 

Mudstone 
79% calcite 
12% quartz, mainly fine-grained dessiminated in pores 
3% feldspar 
<1% clay (smectite) 

He-porosity 22.31 % 
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Sample Characterization Fabricius, Nguyen 

Baron-2 sample 24. Backscatter electron micrographs 
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Sample Characterization 

I-1 sample 26 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 2861 m effective depth 1371 m (J3 = 1) - 1682 m (J3 calculated). 

Tuxen Formation 

Mudstone 
85% calcite 
2% quartz, mainly fine-grained 
2% feldspar 
6% clay (kaolinite plus minor smectite-illite-chlorite)) 

He-porosity 28.12% 
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Sample Characterization Fabricius, Nguyen 

1-1 sample 26. Backscatter electron micrographs 
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Sample Characterization 

Cecilie-1B sample 30 

0.7mm 

Thin section micrograph 

Depth 2365 m effective depth 2095 m (13 = 1). 

Ekofisk Formation 

Mudstone 
83% calcite 
9% quartz, mainly fine-grained dessiminated in pores 
<1 % feldspar 
4% clay (smectite) 
tr. pyrite 
tr. apatite 

He-porosity 15.38% 

Fabricius, Nguyen 
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Sample Characterization Fabricius, Nguyen 

Cecilie-1B sample 30. Backscatter electron micrographs 
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Sample Characterization 

Cecilie-1B sample 31 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 2370 m effective depth 2100 m (f3 = 1) - 2200 m (f3 calculated). 

Ekofisk Formation 

Mudstone 
91% calcite 
4% quartz, mainly fine-grained dessiminated in pores 
<1% feldspar 
2% clay (smectite) 
tr. apatite 
tr. Ti02 

He-porosity 22.57% 
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Sample Characterization Fabricius, Nguyen 

Cecilie-1 B sample 31. Backscatter electron micrographs 
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Sample Characterization 

Cecilie-1B sample 32 

0.7mm 

Thin section micrograph 

Fabricius, Nguyen 

Depth 2383 m effective depth 2113 m (~ = 1)- 2282 m (~ calculated). 

Ekofisk Formation 

Mudstone 
79% calcite (Fe-bearing cement) 
13% quartz, mainly fine-grained dessiminated in pores 
<I% feldspar 

He-porosity 6.69% 
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Sample Characterization Fabricius, Nguyen 

Cecilie-1B sample 32. Backscatter electron micrographs 
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Summary 

The main objective of this project is to build a database of quality controlled well log data originating 
from the Danish North Sea. The database consists of 29 wells and focuses on the logged chalk sections 
of each well which includes the Ekofisk, Tor, Hod and Hidra formations down to Base Chalk. The 
secondary objective is to derive dry rock properties from well log data. 

The study includes several phases: 1) loading of data, 2) well log quality control and basic editing, 
3) petrophysical analysis, where the volume of clay, the porosity and the brine saturation are estimated 
and compared to corresponding client provided curves and 4) rock physics analysis, where the elastic 
properties of chalk are derived. 

For all wells bulk density and compressional slowness are provided. A total of eight wells have in 
addition shear slowness provided. Volume of clay, porosity or water saturation interpretations are 
provided for a total of 24 wells. A total of seven wells had core measurements, such as porosity and 
density available. 

The well log analysis shows that: 

• The quality of the well log data is generally good and corrections were only necessary in a 
limited number of wells: For five wells minor edits were performed. For three wells depth 
alignments were carried out. 

• The petrophysical analysis aims to perform consistent interpretations of the volume of 
clay, porosity and brine saturation so that intra-well comparison of the elastic properties 
versus petrophysical properties can be carried out. The analysis shows that a) the provided 
clay interpretations were in general similar to the interpretations carried out in this study, 
b) the provided porosity and brine saturation curves were in general similar to the 
corresponding curves established in this study. The porosity distributions generally fall 
within three groups: lower (0 to c. 0.15), mid ( c. 0.15 to 0.3) and upper ( c. 0.35 to 0.4). In 
some cases, the provided porosity estimates differ from the QC estimates established by 
0degaard A/S. This difference is in some cases explained by choice of method ( e.g. 
density derived estimates versus neutron porosity readings) and in some cases due to 
difference in choice of matrix density for the density derived estimates. 

• The rock physics analysis aims to estimate Biot's coefficient from log data so that 
effective stress calculations may be carried out. This is done through fluid substitution 
from the in situ conditions to a dry rock state. The analysis shows that this is possible from 
dynamic (log) data such as bulk density, compressional and shear velocity. 
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CHAPTER 1 

Chapter 1 

Introduction 

1.1 Well log data 

Well log data from a total of 29 wells are included in this project. The 29 wells are well-distributed 
throughout the Danish sector of the North Sea. 

In addition to the primary geophysical logs, bulk density, compressional slowness and shear 
slowness, other relevant log curves were applied for each well (if available): Caliper, bit size, gamma 
ray, neutron porosity and resistivity (deep, medium and shallow). In addition, interpreted curves were 
provided for the majority of the wells: Volume of clay, porosity and water saturation. 

A list of the well names and important input is given in Table l. 

No. Well Name Provided Core Measured Measured 
VCUPHI/SW POROSITY RHOB/DT DTS 

11 tst:K I t:L-1A yes no yes no 
2 DIAMANT-1 yes no yes no 
3 ELIN-1 yes no yes no 
4 ELL Y-1 yes no yes no 
5 ELLY-2 yes no yes no 
6 FALK-1 yes no yes no 
7 GWEN-2 yes no yes no 
8 IRIS-1 yes yes yes no 
9 ISAK-1 yes no yes yes 
10 NORA-1 yes no yes no 
11 OTTO-1 yes yes yes no 
12 P-1X yes no yes no 
13 Q-1X yes yes yes no 
14 RAVN-1 yes no yes no 
15 RAVN-2 yes no yes no 
16 T-1X yes yes yes no 
17 T-3X yes yes yes no 
18 W-1X yes no yes no 
19 BARON-2 yes no yes no 
20 I-1X yes no yes no 
21 RIGS-2 yes yes yes yes 
22 RIGS-2A yes no yes yes 
23 SA-1 yes yes yes yes 
24 NWADDA-1X no no yes yes 
25 SKJOLDFLANK-1 no no yes yes 
26 JETTE-1 no no yes yes 
27 GERT-1 yes no yes no 
28 WESTLULU-1 no no yes no 
29 SINE-1XP no no ves ves 

Table 1. List of wells included in the project. 



CHAPTER 1 

The lithostratigraphy used in this work was provided by Finn Jacobsen, GEUS. Following 
picks were considered: Top Ekofisk, Top Tor, Hod 3, Hod 2, Hod 1, Top Hidra and based 
Chalk. 

1.2 Nomenclature 

The provided curves are renamed to 0degaard's standard. All exported data are delivered as LAS files 
with descriptions in the file header. The most important log curve names are: 

Geophysical curves: Bulk density (RHOE), Compressional slowness (DT), shear slowness (DTS). 

Additional curves: Caliper (CALI), bit size (BS), gamma ray (GR), neutron porosity (NPHJ), 
Resistivity (RESD, RESM and RESS) and true vertical depth (TVDSS). 

Interpreted curves: Volume of clay (VCL), porosity (PHIE and PHJ'l), water saturation (SW) and 
flushed zone saturation (SXO). In addition a simple density derived porosity was considered 
(PHIT_STD). 

Selected curves: A set of preferred curves were selected from either the client-provided database or the 
curve sets established during the present work. These curves are: Volume of clay (VCL_C), porosity 
(PHIE_C and PHIT_C), water saturation (SW_C) and flushed zone saturation (SXO _C). 

4 
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Chapter 2 

Well log editing 

The aim of the well log editing is to quality control and correct the density and acoustic logs, such that 
these are suitable as input for the rock physics study and the geophysical analysis. 

The geophysical well logs are characterized by shallow readings and may therefore be influenced 
by, for example, borehole rugosity. Accordingly, the logs are corrected, for example around the casing 
shoes and intervals of washouts. Furthermore, the logs are analysed for apparent malfunctions, such as 
cycle skipping in the sonic readings, and for missing readings. In both cases, synthetic log data were 
calculated using numerical approaches such as regression methods or published empirical relationships. 

This project focuses only on the chalk interval and the interfaces above and below the chalk 
interval. For this reason, the final curves may not include the full logged interval of the overburden as 
well as the full logged interval below the chalk. 

2.1 Methods 

Various methods were applied to quality control and edit the well log data. This section presents the 
general methods used in the actual quality control process followed by examples from the actual 
editing. 

Generally, the log readings are deleted at the top of the hole, around the casing shoes or when the 
logging stops. The log readings are in some cases also deleted in the very bottom of the hole before the 
tool starts moving. 

The geophysical logs are corrected for stretch so that the logs correspond to additional logs such as 
the gamma ray and the resistivity logs. For West Lulu 1 we have performed depth alignment (Figure I). 

In intervals where log readings are identified to suffer from malfunction in the tool, log values were 
estimated instead. A standard quality control is to analyse the velocity-density relationship. From rock 
physics theory we know that this relationship among others varies with lithology. The empirical 
relationships of Gardner et al. [ 197 4] as presented by Castagna et al. [ 1993] may be used for either 
quality-checking or predicting density where sonic readings are available, and density readings are not 
(see Appendix A, Section A.2). 
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Figure 1. Example of depth alignment. The provided slowness curve (DT, red curve) is replaced by the 
depth corrected compressional slowness curve (DT_C, black curve). 
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Figure 2. Example of density correction in Bertel-JA. The provided bulk density curve (RHOB, red 
curve) is replaced by the synthetic empirically derived density curve. The corrected bulk density curve 
(RHOB _ C, black curve) replaces the recorded curve. 
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Despite the usefulness of the lithology dependent coefficients of Castagna et al. [l 993], these do 
not always predict the density well. Therefore, one may establish an empirical relationship from an 
appropriate interval within the same well or using a well nearby. Generally, an empirical relationship is 
established from a linear regression trend established from the DT-RHOB cross-plot for the relevant 
lithologies. 

An example of density prediction from the sonic measurements using an empirical relation is found 
in Bertel-IA in the interval between c. 4125 to 4160 m MD (Figure 2). A synthetic density estimate 
replaces the measured density (RHOB) over a minor interval to represent the edited density log 
(RHOB _ C). The synthetic density was here based on a linear function obtained on selected Hod Fm. 
data of Bertel-IA. Figure 3 shows the RHOB-DT cross of selected Hod Fm data (blue), the empirical 
linear relation based on the encircled data (RHOB = 3.0799 - 0.0079DT) and the limestone trend of 
Castagna et al. [1993] (black). 

DT/RHOB 

1~60.~--~136.~--1~12----,88...,----~&4..,....--~40. 

Figure 3. Bulk density (glee) versus compressional slowness (us/ft) for Hod Fm. data of Bertel-JA 
(blue). The regression applied to predict density from slowness in the example of Figure 2 is included 
as a red curve. Black data trend is the limestone trend of Castagna et al. [1993), given in theRock 
physics theory Appendix. Note the outliers of low density {> 2.15 glee): The high compressional 
slowness indicates together with high caliper values that density readings suffer from poor bore hole 
conditions. 

The sonic tool readings may be affected by e.g. washouts. The readings of the deeper looking 
resistivity tool are in some cases applied for editing the sonic log. The so-called Faust relation [Faust, 
1953] is used for predicting the acoustic response (see Appendix A, Section A.3). The Faust relation 
was used to quality control the sonic logs of the wells of this project. However, it was not used to 
correct any sonic curves. 
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2.2 Results 

The well log editing is presented included on the delivered data CD (03.24033.CD0l). Here, the panel 
plots display the final, corrected geophysical log overlying the corresponding provided logs. 
Accordingly, the user may see if corrections have been carried out at a given depth. 

2.3 References 

Castagna J. P., Batzle M. L. and Kan T. K. 1993. Rock Physics - The Link Between Rock Properties 
and A VO Responce. In: Offset-dependent reflectivity - Theory and practice of AVO analysis, 
Investigations in geophysics; no. 8 (eds. Castagna, J. P. & Backus, M. M.), p. 135-171. Society of 
Exploration Geophysicists. 

Gardner, G. H. F., Gardner, L. W. and Gregory, A. R. 1974. Formation velocity and density- The 
diagnostic basics for stratigraphic traps. Geophysics, 39, p. 770-780. 

Faust, L. Y. 1953. A Velocity Function Including Lithologic Variation, Geophysics, J 8, p. 271-297 
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Chapter 3 

Petrophysical analysis 

The objective of the petrophysical analysis is to estimate the volume of clay, porosity and saturation in 
order to either evaluate the provided corresponding interpretations or to simply populate the database. 

The client-provided petrophysical work was carried out within Amerada Hess A/S by J.0rgen 
Jensenius and S0ren Amdi Christensen. Within 0degaard A/S the petrophysical work was carried out 
by David D. Jackson and Lars Gommesen. 

3.1 Volume of clay 

The estimation of the volume of clay (VCL) is a cornerstone in the overall well log interpretation as it 
influences the porosity estimation and accordingly also the saturation interpretation, which in 
combination are important input parameters to cross-plot studies and shear slowness prediction. 

In this study the volume of clay is based on a combination of two methods: 

• Clay interpreted from gamma ray readings (VCLGR). 

• Clay interpreted from neutron porosity and bulk density (VCLND). 

The VCLGR is based on establishment of chalk and shale base lines defined for specific interval, 
where the fraction of clay is calculated from a linear relation between the two baselines. 

VCLGR = GR - GRclean 
e GRc/ay - GRclean 

Equation 3-1 

The VCLND is based on lithology points with zero porosity (chalk and shale) defined in the RHOB
NPHI cross-plot. The VCLND is accordingly estimated from the grid that these lithology points 
generate with increasing porosity (Figure 4). 
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VCLNDe = ( RHOc/ean2 - RHOcl,anl )(NP HJ - NP Hfcleanl)) - ( RHO- RHOcleanl )( NP Hf cl,an2 - NP Hf cleanl) . 

(RHOc/ean2 - RHOc/eanl)(NPHJclay -NPHJcleanl))-(RHOclay -RHOc/eanl)(NPH/c/ean2 -NPHJcleanl 

Equation 3-2 

Neutron / Densi1Y crossplot clay indicator 

2 1-----t--------,r------t---r--1 

3 ,.._ ___ __._ ____ .._ ___ _.__ ___ ___. 

-0.05 0.05 0.15 0.25 0 .35 

Neutron 

Figure 4. Schematic cross- plot of the neutron-density clay estimation principle. 

A fundamental problem with the clay estimation in North Sea chalk is definition of the shale 
baseline for the VCLGR estimation and the l 00% clay point for the VCLND estimation because of the 
very low clay volume throughout the chalk interval. However, the clay interpretations are calibrated 
based on general experience and on the volume of clay curves provided by the client. 

The two independent clay estimates are compared to each other as well as to the provided curve for 
all the wells. Generally, there is a good correspondence between the interpretations and the provided 
curve as observed from the distributions given in Figure 5. Here the x-axis indicates the volume of clay 
in fractions. The curves represent the normalised distributions of the interpreted volume of clay for the 
different wells, where the area below each curve is equal (normalised) for all wells. 

The final volume of clay (VCL _ C) of this study is equal to the VCLGR interpretation. The VCLND 
is for this project only used as independent qualitative double indicator. The magnitude of the volume 
of clay is similar, when comparing the client-provided and the interpreted curves. This is illustrated by 
Figure 5. Here the curves represent the normalised distributions for the different wells similarly as the 
previous figures. For a comparison versus depth, it is recommended to study the panel plots on the 
delivered data CD (03.24033.CD0I). 
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Figure 5. Overview comparison of the distributions for the provided volume of clay (VCL) and the 
estimated volume of clay (VCL _ C) (/,eft and right, respectively). 

The histograms of the final volume of clay interpretation (VCL _ C) are given for Ekofisk and Tor, 
Hod 3 and Hod 2, Hod l and Hidra respectively in the figures series Figure 6 to Figure 8. From the 
histograms it is observed that the clay content of the Ekofisk Fm. varies between zero and up to c. 0.2, 
whereas the Tor Fro. is generally pure and varies between zero and 0.1. The clay volumes of the 
different units of the Hod Fm. vary internally relatively little and are generally defined within zero and 
0.15. The clay volume of the Hidra Fm. varies to the same degree as for the Ekofisk Fm. 

va.,_c 1c1ac1 

315j:.=======================:::::; 
30 1-1-f-------------

YCL_C{decj 

eo t=====================~ 
!0 1--1!------------ --t 

! 0 40 t-+t-------------t 

o.s 

Figure 6. Overview of final volume of clay (VCL _ C) for the Ekofisk and the Tor intervals. (/,eft and 
right, respectively). Co/ors indicate the different wells (unspecified). 
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Figure 7. Overview of final volume of clay (VCL _ CJ for the Hod 3 and the Hod 2 intervals (left and 
right, respectively). Co/ors indicate the different wells (unspecified). 
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Figure 8. Overview of final volume of clay (VCL _ CJ for the Hod 1 and the Hidra intervals (left and 
right, respectively). Co/ors indicate the different wells (unspecified). 

3.2 Porosity 

The effective and the total porosity (PHIE and PHIT, respectively) are calculated from the bulk density 
curve (RHOB) using the volume of clay, the matrix density and the density of the fluid (or gas) of the 
flushed zone. As fluid density goes into the calculations, porosity is estimated simultaneously together 
with saturation. 

The effective porosity (PHIE, <pe) is calculated for all wells from the matrix density (/J,,,a1ra), the 
bulk density (p,,), the volume of clay (VCL), wet clay density (pc1ay) and the fluid density VJ}zu;d): 

PmatriJ: - Pb -VCL(Pmatrlx - Pc1ay) 
fPe = 

P marru: - P fluid 

Equation 3-3 
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The total porosity (P HIT, <p,) is calculated for all wells. P HIT is calculated from the VCL, total 
porosity of the clay (<p,c1oy) and PHIE: 

rp, = rp e + VCLrp,c1oy Equation 3-4 

where total porosity of the clay is calculated from the dry clay density (pdrycloy), the wet clay density 
CPwe,cloy) and the fluid density VJ/luid): 

P dryc/oy - P wercloy 
(!),clay = 

p drycloy - p fluid 

Equation 3-5. 

Finally, one may do an approximate porosity estimate using only a matrix density excluding the 
clay component: 

m _ Pmatrix - Pb 
rt STD -

- P matrix - P fluid 

Equation 3-6. 

The input parameters for the porosity estimation are given in Table 2. On purpose these are kept 
constant for consistency and for comparison with e.g. curve estimates calibrated to core porosity. 

MATRIX CLAY FLUIDS 

RHOmatrix RHOwetclay RHOdryclay RHOsxo RHOhc RHOhc min 

2.71 glee 2.45 glee 2.60 glee I .055 glee 0.75 glee 0.1 glee 

Table 2. Important input parameters for the porosity estimations. 

An overview of the effective and total porosity distributions for all the wells is given as Figure 9. 
Here the curves represent the normalised distributions for the different wells. The x-axis indicates the 
porosity in fractions. The curves represent the normalised distributions of the interpreted porosity for 
the different wells, where the area below each curves is equal (normalised) for all wells. 

Because of the small fraction of clay generally observed in the chalk interval of these wells, the 
total and effective porosity estimates are relatively close to each other. Also we observe that the 
porosity distributions group in three: a low porosity end member ranging from just above zero to c. just 
above 0.15, an intermediate member from c. just above 0.15 to c. 0.3, and high end members from c. 
0.35 to c. just above 0.4. The high end members are Rigs-2 and Rigs-2A. This pattern is also observed 
from the distributions of the provided porosity interpretations (Figure 10). From the same figure it is 
also observed that the approximate porosity estimate (P HIT_ STD) is overall acceptable, because of the 
low volume of clay. 

13 



CHAPTER3 

a 
21) 

8 
:?. 21) ! 
'o 'o 15 c c 

J 16 ~ 
l. ... 1 II 

l 10 l 
0 :l! z 

Figure 9. Overview of effective porosity (PHIE) and total porosity (PHIT) distributions (left and right, 
respectively). 
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Figure 10. Overview of provided porosity (PHI) and approximate density porosity (PHIT_STD) 
distributions (left and right, respectively.) 

A set of preferred porosity curves was selected from either the client-provided database or the curve 
sets established during the present work. The curves were selected from a comparison of core porosity 
trends and trends from cross-plots of log data. The selected curves are named P HlE _ C and P HIT_ C. 

Studying the total porosity distributions from a lithostratigraphic approach a different pattern is 
observed. The porosity distributions of the Ekofisk and Tor Fm.s cover a wide spectrum from c. 0.05 to 
c. just above 0.3 together with the high porosity end members seen in Rigs-2 and Rigs-2A ( Figure 11). 
Generally, the three Hod Fm. sections cover the low to mid range ( Figure 12), whereas the Hidra Fm. 
covers the low end member (Figure 13). 

The parameters that are input for the porosity (and saturation) calculations are included on the 
delivered CD (03.24033.CD0I) as text files. An example of the input parameter file of the porosity 
interpretation is given in Figure 15. 
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Figure 11. Overview of estimated total porosity distributions (P HIT_ C) for the Ekofisk and the Tor 
intervals (l,eft and right, respectively). 
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Figure 12. Overview of estimated total porosity distributions (PHIT_C) for the Hod 3 and the Hod 2 
intervals (l,eft and right, respectively). 
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Figure 13. Overview of estimated total porosity distributions (PHIT_C) for the Hod 1 and the Hidra 
intervals (l,eft and right, respectively). 
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It is clear that factors such as compaction due to increased effective stress influence the porosity 
variations of the chalk sequence. However in this work we focus on the actual QC and population of the 
well log database. The issues of depth-porosity and effective stress-porosity trends are discussed in 
other contributions to the Chalk Background Velocity project. 

3.3 Saturation 

Because of the relatively low volumes of clay observed in the wells, we chose to use Archie's equation 
for estimations of water saturation. Hereby we assume that the impact of the water bound in the clay 
only influences the total resistivity insignificantly. The brine saturation (SW) is calculated from the total 
resistivity (Rr), the formation water resistivity (Rw), and the porosity (rp) using Archie's equation: 

Equation 3-7, 

where a, m and n in this project are kept constant and equal to 1, 2 and 2, respectively. 

As porosity goes into the calculations, saturation is estimated simultaneously together with 
porosity. Due to the assumptions stated above, the total porosity was used as input to the estimation of 
saturation. Other important inputs for the saturation estimation are formation water and mud filtrate 
resistivity. As far as possible this information was extracted from the report South Arne - Petrophysical 
Chalk Study by S0ren Amdi Christensen, Amerada Hess A/S. This information is duplicated here as 
Table 3 and otherwise, the formation water resistivity is determined from Picket plots. 

Well Rmf Rmf@7SdegF Rmf/Rw Pref. Res. tool Used Problems 
Ohmm(ludeeF ohmm (iu 75 deeF 

Q-IX 0278@50 0.193 2.40 Induction 6FF40 Poor resolution 
T-IX 0.130@57 0.101 0.80 Laterolog LLD 
OTTO-I 0.068@62 0.057 0.40 Laterolog LLD 
ELIN-I 0.096@50 0.067 0.48 Laterolog LLD 
T-3X 0.068@60 0.056 0.35 Laterolog LLD 
NORA-I 0.151 @54 0.112 0.74* (0.76) Laterolog LLD 
IRIS-I 0.344@68 0.315 1.25• (2.1) Induction! DIL-D Possibly 
GWEN-2 0.114@68 0.104 1.6* (3) Induction! DIL-D Possibly 
P-IX 0.343@50 0.238 3.3 Induction 6FF40 
W-IX 0.273@60 0.223 1.64 Laterolog LLD 
DIAMANT-I 0.330@40 0.189 3.38 Induction DIL-D 
RAVN-1 0.365@63 0.311 2.55 Induction DlL-D 
RAVN-2 4•• 4 4 Induction DIL-D 
ELLY-I 0.45@64 0.222 2.44 Induction DIL-D 
ELLY-2 0.331 @56 0.239 2.09 Induction DIL-D 
FALK-I 4** 4 4 Induction DIL-D 
BERTEL-IA 0.197 @64 0.17 2.65 Induction DIFL 
ISAK-1 0.063@66 0.09 0.83 Laterolog HALS 

Table 3. Mud filtrate resistivity and resistivity tools for wells included in the report entitled South Arne 
- Petrophysical Chalk Study (Amerada Hess AIS). (*) indicates that Rmf calculated from log data is of 
a smaller value than reported on the field prints headers. (**) indicates oil based mud. 
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Well Rw(a)@ RESCON Formation Water Salinity 
obmm oomNaCI 

Q-IX 0.044 - 0.076 70500 - 37400* 
T-IX 0.051 50200 
OTTO-I 0.051 50200 
ELIN-I 0.062 46300 
T-3X 0.051 50200 
NORA-I 0.063 43800 
IRIS-I 0.064 46600 
GWEN-2 0.035 / 0.026 84000 / 116800** 
P-IX 0.030 102400 
W-IX 0.060 47800 
DIAMANT-I 0.022 144600 
RAVN-1 0.046 / 0.035 59800 I 81000** 
RAVN-2 0.047 48600 
ELLY-I 0038 64800 
ELLY-2 0.038 64800 
FALK-I 0.053 42700 
BERTEL-l{A) 0.047 I 0.033 55000 / 64000** 
!SAK-I 0.045 68600 

Table 4. Formation water resistivity and salinities for wells included in the report entitled South Arne
Petrophysical Chalk Study (Amerada Hess AIS). (*) indicates min. and max. values calculated from SP. 
(**) indicates values for Ekofisk and Tor/Hod, respectively. 

An overview of the saturation curves provided by the client and the curves interpreted in this 
project is given in Figure 14. Here the curves represent the normalised distributions for the different 
wells. The x-axis indicates the water saturation in fractions. From the figure it is observed that the 
majority of wells have a brine-saturated chalk sequence. It is also observed that for hydrocarbon
bearing chalk with water-saturations less than c. 0.3 the distributions are similar. 
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Figure 14. Overview comparison of provided water saturation (SW; and the estimated water saturation 
(SW_ C) distributions (/,eft and right, respectively. 

The parameters that are input for the saturation (and porosity) calculation are included on the 
delivered CD (03.24033.CDOl). An example of the input parameter file of the porosity-saturation 
interpretation is given in Figure 15. 

17 



CHAPTER3 

!File""' - View~ 

POROSITY WATER SATURATION PARAMETERS 

!Well : OTT0-1 
Date : 10-08-2004 09 :44: 531 

zone n1.111ber 
RW 
Rmf Temp 
Rho Dry Clay 

!Go source 
loBM ? 
m var1 wth vcl 
SXO L 1mit 
~ exponent 
~ source 
salt Logic 

1 vale Top 
0.04 
75. 
2.6 
Param 
NO 
NO 
o. 2 
2. 
Param 
NO 

2464. 50 Bottom 
RW Temp 
Rho sxo zone 
Hc oen 
Rho GO 
PM max 
vcl cutoff 
sat Equation 
n exponent 
n source 
PhiT c lay 

2475.00 

1. 055 
0.75 
2. 71 
0.45 
0.6 
Archie PhT 
2. 
Param 

zone m.rnber 2 
Rw 

Ekof1sk 
0.04 

Top 2475.00 Bottom: 2485. 60 

Rmf Temp 
Rho ory clay 

!Go source 
loEM ? 
m var1 wth vcl 
SXO L 1m1t 
~ exponent 
~ source 
salt Logic 

zone number 3 
RW 
Rmf Temp 
Rho ory clay 

!Go source 
loeM ? 
m var1 wth vcl 
Sxo L 1m1t 
~ exponent 
~ source 
salt Logic 

• I 

75. 
2.6 
Param 
NO 
NO 
o. 2 
2. 
Param 
NO 

Tor Top 
0.04 
75. 
2.6 
Param 
NO 
NO 
0.2 
2. 
Param 
NO 

Rw Temp 
Rho sxo zone 
HC Den 
Rho GO 
Phi max 
vcl cutoff 
sat Equation 
n exponen't 
n source 
Ph1T clay 

2485. 60 Bottom 
Rw Temp 
Rho sxo zone 
HC Oen 
Rho GO 
Ph1 max 
vcl cutoff 
sa1: Equation 
n exponent 
n source 
Ph1T clay 

1 . 055 
0.75 
2. 71 
0.45 
0.6 
Archie 
2. 
Param 

2595.10 

1.055 
0. 75 
2. 71 
0.45 
0.6 

PhT 

Archie PhT 
2. 
Param 

Rmf 
Rho Wet clay 
Den He app 
Porosity Method 
oelta Phi max 
SXO Limit ? 
a factor 
sxo Met hod 
coal Logic 

Rmf 
Rho Wet clay 
oen He app 
Porosity Method 
oelta Phi max 
Sxo L 1m1t ? 
a factor 
sxo Method 
coal Logic 

Rmf 
Rho wet clay 
oen HC app 

~~l~!;~~i"'~i~od 
SXO L1m1t? 
a factor 
sxo Method 
coal Logic 

0.057 
2.45 

Density 
0.15 
Yes 
1. 
RXO 
NO 

0.057 
2.45 

Density 
0.15 
Yes 
1. 
RXO 
NO 

. -

0.057 -
2.45 

Density 
0.15 
Yes 
1. 
Rxo 
NO 

Figure 15. Example of input parameter file for the porosity-saturation interpretation for Otto-1. 
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Chapter 4 

Rock physics analysis 

IJII .. 

A rock physics analysis was performed on selected wells aiming to estimate the Biot coefficient. The 
selected wells are: Sine-IXP, Jette-I, Skjold Flank 01, NW Adda-IX, Rigs-2, Isak-1. For these wells, 
fluid substitution to a dry rock scenario was performed. From the dry properties, the Biot's coefficient 
was estimated and analysed. 

4.1 Fluid substitution 

For porous rocks, variations in the elastic properties of the saturating fluid also influence the effective 
elastic properties. In this context the fluid substitution method is an important tool, because it makes it 
possible to predict the elastic response of a rock saturated with one type of fluid from the elastic 
response of the same rock saturated with another fluid. The Gassmann theory [1951] was used for 
substitution of fluids when both P-wave and S-wave data are available (see Appendix A). 

Fluid properties and mixing: 

The velocity and density of the fluid before and after fluid substitution may be estimated from Batzle 
and Wang's formulas [Batzle and Wang, 1992] as cited in Mavko et al. [1998]. The elastic properties of 
the fluid are given below (Table 5). 

Bulk modulus and Brine Oil 
Densitv 
Kr fGPal 2.96 0.52 
RHO [g/cm:i] 1.035 0.633 

Table 5. Elastic properties of fluid used for the fluid substitution. 

In order to calculate the density and velocity of the mixed fluid, the scale of mixing must be 
considered. In this project only the homogeneous fluid mixing approaches were applied. Fractions of 
different types of fluids can be assumed to be homogeneous mixed on a small scale. Accordingly, the 
Reuss average of the composite is used to calculate the effective bulk modulus of the mixed fluid. 

Mineral properties and mixing: 

The input for the fluid substitution is also depending of the elastic properties of the matrix. When 
substituting only to a dry rock scenario, one will notice the high sensitivity to the matrix (solid phase) 
properties. Although the chalk is generally very pure, we aim to include the small amounts of clay in the 
matrix properties estimation. The matrix properties that are input for the fluid substitutions are given in 
Table 5. The elastic properties of the matrix are estimated as the average values of the upper and lower 
Hashin-Shtrikmann predictions (KAHS) of the calcite and wet clay listed in Table 6 (for Hashin
Shtrikmann theory, see Appendix A). 
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K rGPal G rGPal RHO f f!/cm3 J 
Calcite 65 27 2.71 
Wet clav 25 9 2.71 

Table 6. Elastic properties of the matrix used for the fluid substitution. 

4.2 Biot's coefficient 

From fluid substitution to a dry state the dry rock bulk modulus is estimated. From this parameter and 
the bulk modulus of the solid phase (Ko), Biot's coefficient (/J) can be calculated: 

Equation 4-1 

We have calculated Biot's coefficient for the chalk sequence of Sine-lXP, Jette-I, Skjold Flank 01, NW 
Adda-lX, Rigs-2, Isak-1. From the Biot's coefficient-porosity cross-plot (including these wells) it is 
observed that Biot's coefficient is strongly depending on porosity. This is well known [e.g. Gommesen, 
2002). We also observe that relatively small fractions of clay will introduce some noise to the estimation 
of Biot's coefficient. Because data of all the included wells show a similar trend, we believe that the 
fluid substitution to a dry state has high validity and that we were able to calculate the elastic properties 
of the solid phase acceptably. 
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Figure 16. Biot' s coefficient porosity co/or-coded by volume of clay and by well (/,eft and right, 
respectively). 
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Note the abnormal plotting data of lower Ekofisk Fm. and Hod Fm. of Jette-!. Compressional and shear 
velocity data of these intervals (of Jette-I) generally behave abnormally and therefore also causes 
abnormal Biot's coefficients. 

The elastic curves (KAHS, K_dry and Biot) are included on the delivered CD (03.24033.CD0I) as las 
files. 
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Chapter 5 

List of final products delivered 

Report 03.24033.01: Chalk Background velocity, Well log Analysis. 

CD 03.24033.CD0l: Chalk Background velocity, Well log analysis. 

Report delivered 
Data delivered 

22 

April 2005 
April 2005 



Appendix A Rock physics theory 

Appendix A. ROCK PHYSICS THEORY 

This chapter describes the theories applied in the geophysical well log analysis and in the rock 
physics study. 

A.1 General equations 

The shear modulus is calculated from the bulk density (RHOB) and the shear velocity (Vs) 
[Mavko et al., 1998]: 

Equation A-1 

The bulk modulus is calculated from the bulk density (RHOB) and the compressional and the 
shear velocity (Vp and Vs respectively) [Mavko et al., 1998]: 

Equation A-2 

A.2 Empirical V rRHOB relations 

For the brine-saturated rock Castagna et al. [ 1993] presented empirical Vp-RHOB relationships 
for several lithologies based on the general expression established by Gardner et al. [1974]: 

RHOB=a(Vpt Equation A-3 

Where Vp in [km/s], RHOB in [g/cm3
]. 

The coefficients for shale, sandstone, limestone, dolomite and anhydrite are given in Table A-1. 

Litholo!!V a b Range [km/s] 
Sandstone 1.66 0.386 1.5-6.0 
Shale 1.75 0.265 1.5-6.0 
Limestone 1.359 0.386 3.5-6.4 
Dolomite 1.74 0.252 4.5-7.l 
Anhvdrite 2.19 0.160 4.6-7.4 

Table A-1: Coefficients for Gardner's equation as presented by Castagna et al. [1993]. 
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A.3 Empirical VrRT-TVD relations 

Faust [1953] established an empirical relationship between total resistivity true vertical depth 
and velocity: 

V = 1945 * (TVD * RT)0
·
1661 

P Faust 
Equation A-4 

Where TVD is true vertical depth in [ft], RT is total resistivity in [ohmm], Vp_Fausr in [ft/s]. 

A.4 Empirical VrVs relations 

For the brine-saturated rock Greenberg and Castagna [ 1992] established empirical Vp-Vs 
relationships for several lithologies: 

Equation A-5 

Where Vp and Vs is in [km/s] and represent the fully brine-saturated rock. The regression 
coefficients ai are given in Table A-2. 

Litholo~ a;2 ail a;o 
Sandstone 0 0.80416 -0.85588 
Shale 0 0.76969 -0.86735 
Limestone -0.05508 1.01677 -1.03049 
Dolomite 0 0.58321 -0.07775 

Table A-2: Regression coefficients for different lithologies for Greenberg-Castagna Vs 
prediction. 

A.5 Matrix mixture 

When the matrix (solid phase) is build by more than one constituent the effective elastic moduli 
can be estimated from Hills average which is simply the average of the harmonic (Reuss) 
average and the arithmetic (Voigt) average (Equation A-6 to Equation A-8). One may 
alternatively use the Hashin-Shtrikmann effective medium theory to mix different constituents 
(Equation A-9 and Equation A-10). Here the upper(+) and the lower(-) Hashin-Shtrikmann 
(HS) bounds are calculated by interacting which material is named 1 and which is named 2. 

Equation A-6 

N 

M Voigt = LJ;M; 
Equation A-7 

i:I 
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M Voigt + M Re uss 
M VRH =-~-2---

A.6 Fluid mixture 

Equation A-8 

Equation A-9 

Equation A-10 

The bulk modulus of a gas-fluid mixture follows the Reuss (iso-stress) average of the composite 
whereas a gas-fluid mixture follows a harmonic average: 

Equation A-11 

Equation A-12 

A. 7 V p-only fluid substitution 

The dry bulk modulus is calculated from the dry Poisson's ratio using following equations 
[Gregory, 1977]: 

Equation A-13 
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Equation A-14 

C = -rp(s- p bV P 

2 

)( Kmatr~ ) 

K matrix K jSxo 1 

a=S-1 Equation A-15 

b = </AS( Kmatrix -1)-s + p bV / 

K JSxo- 1 K marrlx 

Equation A-16 

K = K . (i- -b+ ✓b 2 
-4ac J 

dry mamx 2a 

Equation A-17 

Thus the bulk modulus of the fully brine saturated rock is calculated as: 

K , ( K b, ine + Kdry ] 

K 
_ matrix </J(K matrix - K brine ) K matrix - K dry 

100 -

1 + Kbrine + K dry 

rf>(Kmorrix -Kb,inJ K matrix - K dry 

Equation A-18 

Accordingly the shear modulus is calculated as: 

Equation A-19 

A.8 Gassmann fluid substitution 

The Gassmann theory provides a fluid substitution method which assumes that isotropically 
distributed pores of arbitrary shapes in a homogeneous solid phase are connected and therefore 
can communicate. The assumption requires sufficiently low frequencies because the pore fluid 
here instantaneously equilibrates in the connected pore space when the sound wave propagates 
through the rock. The bulk modulus increases when a stiffer pore fluid replaces a more 
compressible pore fluid, while the shear modulus is predicted to be independent of the 
saturating fluid. 
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The Gassmann relations may generally be written as [Gassmann, 1951]: 

K sat Kdry K l ---'-"-'--- = +---'------
Equation A-20 

K matrix - K sat K matrix - K dry </>( K matrix - K f ) 

Equation A-21 

A.9 Effective Stress 

The effective pressure is estimated from the pore pressure (PP), Biot's coefficient (fJ) and the 
overburden stress (o") as: 

a-'= u-f)PP Equation A-22 

Note, that the Biot coefficient is here assumed to be equal to the coefficient of external stress. 
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A.10 General lithological identification by cross-plotting 

Cross plotting of the well log data can be used to aid interpretation of the inversion results. The 
well log data can be used to establish relationships between lithology and the physical 
parameters determined in the seismic inversions, e.g. acoustic impedance and Poisson's ratio. 
These relationships can then be used to predict lithology from the inversion results. 

Figure A-1 shows a cross-plot of acoustic velocity versus density with general curves for some 
common lithologies [Castagna, 1993]. Contours of acoustic impedance are drawn on the plot. 
The plot shows the following: 

• Acoustic impedances of sand and shale are similar 

• Limestone and sand-shale lithologies can be separated in acoustic impedance. 

• Low porosity lithologies tend to have large acoustic impedance while high porosity 
lithologies have low values of acoustic impedance. 

Figure A-2 shows a cross-plot of acoustic impedance versus Poisson's ratio. Empirical sand and 
shale lines are plotted, and general trends of varying pore-fluid and compaction are indicated. 
Poisson's ratio is, generally, very sensitive to sand-shale and pore-fluid variations, while the 
acoustic impedance is sensitive to porosity and pore-fluid variations. The plot also indicates that 
by using a combination of acoustic impedance and Poisson's ratio gas sands can be separated 
from water filled sands and sands can be separated from shales. 

Identification of lithologies using cross-plots of log data and subsequent correlation to the 
inversion results makes it possible to make regional lithology interpretations and increase 
confidence in hydrocarbon detection. 
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VP versus Density 
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Figure A-1: Empirical relations between acoustic velocity and density for major lithologies 

[Castagna, 1993]. Contours of acoustic impedance ( 106 ) have been plotted on top. 
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Acoustic impedance vs. Poisson's ratio 

l 

' j 

1.4e+07 · solidated-wet·Sand~ · .. ·· -------
J 

Shale, 1 

1.2e+07 ----• - ........... _... curve .................................. -........... ..' ..... .. _ .............. _ .......... . 
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6e+06 

' 
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Poisson' s Ratio 
0.4 0.5 

Figure A-2: Empirical relations between acoustic impedance and Poisson's ratio for sand and 
shale. Poisson's ratio is generally highly sensitive to sand-shale and pore-fluid variations, while 
the acoustic impedance is sensitive to porosity and pore-fluid variations. 
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1. Introduction

The present report is a contribution to the project ”Variability of the chalk background ve-
locity in the South Arne area”. The project is funded by the South Arne Group (Amerada
Hess Aps, Dong E&P, Denerco Oil) and the partners in the project are GEUS, DTU E&R,
Ødegaard A/S and Gary Mavko (Stanford University).

The aims of the project are the following
� Quantification of  how the chalk background velocity (the low-frequent velocity varia-

tions which define the absolute level of the chalk velocity) in the South Arne area is af-
fected by effective stress, presence of hydrocarbons as well as porosity, composition,
texture and cementation of chalk.

� Estimation of upper and lower bounds on chalk porosity estimated from seismic inver-
sion based on the analysis of these factors.

� Evaluation of the usefulness of velocities estimated from seismic processing as a sup-
plement to well log data for establishing chalk background velocity.

The present report documents various aspects of the Chalk Group in wells in the Danish
North Sea: the lithostratigraphic subdivision of the chalk (29 wells), the temperature at the
top and the base of the chalk, the formation pressure and the acoustic properties estimated
from well logs (28 wells). Most of the wells are located in the northern part of the Danish
Central Graben. Stratigraphic correlation diagrams, log data in MatLab format and
PowerPoint files with cross plots of the log data are included on a CD.
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2. Lithostratigraphic subdivision

Introduction
The Chalk Group in 29 wells has been divided into lithostratigraphic units (Figure 2.1). The
subdivision follows the formal lithostratigraphic nomenclature for the Chalk Group (Isakson
& Tonstad 1989; Surlyk et al. 2003) and includes the Ekofisk, Tor, Hod, Blodøks and Hidra
Formations (Figure 2.2).

The basis for the subdivision is the bio- and log-stratigraphy provided by the drilling opera-
tors. There are, however, some inconsistencies connected with the identification of the top
and base of the various formations due to inadequate biostratigraphical information. Incon-
sistencies are often related with the determination of the top Hod Formation. In this study a
consistent definition of the top of the Hod Formation is attempted by referring the surface to
the major regional unconformity (the Intra-Chalk Unconformity) associated with the Late
Campanian inversion in the Central Graben area.

The thickness of the chalk formations varies according to depositional basin setting and a
number of hiatii are found within the different formations. In addition to the Upper Cam-
panian Intra-Chalk Unconformity, two unconformities are encountered in the Cenomanian
to Santonian succession (within the Lower and Middle Hod). These unconformities are
identified from seismic interpretation and are generally overlooked in well interpretation
unless detailed biostratigraphy in that section is available (among others Robertson Re-
search International Ltd 1984). The thickness variation within the various formations is il-
lustrated in the enclosed correlation panels (Enclosure 1-3). Hiatii identified within the vari-
ous wells are indicated in Appendix 1.

Database
29 wells have been selected for the study (Table 2.1, Figure 2.1). Wire-line logs and
biostratigraphic data from these wells are used for the lithostratigraphical subdivision. The
stratigraphical data available for this study are primarily from final completion well reports
provided by the drilling operator. When available, additional biostratigraphical reports have
been included.

Lithostratigraphy
Different lithostratigraphic subdivisions of the Chalk Group are shown in Figure 2.2. The
definition of the top Hod formation varies between authors and may range from being an
internal Upper Campanian surface (Vejbæk & Andersen 1987) to represent the Campanian
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/Maastrichtian boundary (Surlyk et al. 2003; Figure 2.2). In this study the lithostratigraphy
given in the Millennium Atlas (Surlyk et al. 2003) is applied and consequently the Upper
Campanian deposits are included in the Hod formation. A hiatus (the Intra-Chalk
Unconformity) is found between the Hod and Tor formations. The hiatus is associated with
a regional sea level fall and inversion of varying intensity within the Danish Central Graben
area.

For illustration of the hiatii and thickness variations within the Tor and Hod Formations a
correlation between the internal horizons/unit tops has been carried out (Enclosure 1-3).
The division of the Chalk sequence into subunits is based on the log motif and biostratigra-
phy. The horizons/unit tops used for this correlation are listed in Table 2.2 and a correlation
is shown in Figure 2.3 using the Gwen-2 and Sine-1 as reference wells. Both wells com-
prise a thick and a nearly complete stratigraphic section of the post-Cenomanian sequence,
but are located in two different geological provinces with different subsidence history during
the Late Cretaceous. The surface picks from the examined wells are listed in Appendix 1.

Intra-Chalk Unconformity
A major hiatus characterises the boundary between the Hod and the overlying Tor forma-
tions and is associated with the major sea level fall and inversion during Late Campanian
(Oakman & Partington, 1998). On seismic data the top of the Hod formation is connected
with an unconformity (the Intra-Chalk Unconformity). The unconformity is significant in the
southern part of the Danish Central Graben and is associated with severe erosion and non-
deposition. The unconformity locally represents a hiatus ranging in age from Santonian to
Maastrichtian, but occasionally the hiatus represents a minor time gap ranging in age from
the latest Campanian to earliest Maastrichtian (e.g. Sine-1 and Skjold Flanke-1).

Contrary to Vejbæk & Andersen (1987), the unconformity is here considered as isochro-
nous with significant variations in the time span of the missing section in the different wells.
The time gap related to the hiatus in the various wells is indicated in Appendix 1.

The Intra-Chalk Unconformity mirrors a significant change in the depositional environment
and represents the boundary between two generally different lithofacies. The rock proper-
ties related to the lithofacies are controlled by the geological setting, which again is con-
trolled by the tectonic regime. For illustration of the variation in thickness and lithotypes in
the Danish Central Graben the geological setting is summarised below.

A compressional tectonic regime with inversion prevailed during the deposition of the Hidra
and Hod Formations. The inversion activity ceased through the Late Upper Cretaceous and
the Intra-Chalk Unconformity represents the end of the main inversion activity during Late
Campanian. Contemporaneously with the tectonic activity the global sea level continued to
rise throughout the Santonian and into the Campanian, reaching a high stand maximum in
the late Campanian. In the Danish Central Graben the high stand is locally masked by the
compressive event resulting in inversion structures (Figure 2.4). Significant parts of the
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Campanian succession are absent over inversion swells suggesting considerable local
erosion and redeposition in adjacent deeper sub-basins

Large thickness variations developed, as the post-inversion topography was infilled during
the Maastrichtian and Danian. Deeper subbasins were filled with considerable thicknesses
of mass-flow and turbiditic chalk. Thick basinal chalks, often of remarkable purity, can be
mapped adjacent to the inversion area e.g. to the east of the inversion axis on the Ring-
købing Fyn High (represented by the Sine-1 well).

The difference between inversion swells with erosion and/or non-deposition and basins
gives rise to significant variation in the lithofacies and thickness especially for the Hod and
Tor formations; which is demonstrated by this study.

Table 2.1.   Wells used in this study

Baron-2 Falk-1 Jette-1 Ravn-1 Skjold Flank-1
Bertel-1A Gert-1 Nora-1 Ravn-2 T-1
Diamant-1 Gwen-2 NW Adda-1 Rigs-1 T-3
Elin-1 I-1x Otto-1 Rigs-2 W-1
Elly-1 Iris-1 P-1x SA-1 W. Lulu-1
Elly-2 Isak-1 Q-1 Sine-1
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Table 2.2.   Correlation surfaces used in the study. The formal lithostratigraphic boundaries
are marked in bold blue and unit tops are in black.

Chronostratigraphy Correlation horizons
Formation and unit tops

Abbreviations

Danian Top Chalk
Ekofisk 3
Ekofisk 2
Ekofisk 1

Top Chalk
Eko3
Eko2
Eko1

Maastrichtian Latest Maastrichtian Top Tor
Upper Tor 2
Upper Tor 1

Top Tor
UT2
UT1

Late Maastrichtian Middle Tor 2
Middle Tor 1

MT2
MT1

Early Maastrichtian Lower Tor 3
 Lower Tor 2
Lower Tor 1

LT3
 LT2
LT1

Campanian Late Campanian Top Hod
Upper Hod 4
Upper Hod 3

Top Hod
UH4
UH3

Early Campanian Upper Hod 2
Upper Hod 1

UH2
UH1

Santonian Middle Hod 4
Middle Hod 3

MH4
MH3

Coniacian Middle Hod 2
Middle Hod 1

MH2
MH1

Turonian Lower Hod 4
Lower Hod 3
Lower Hod 2
Lower Hod 1

LH4
LH3
LH2
LH1

Cenomanian Top Plenus Marl

Top Hidra Top Hidra
Albian Base Chalk Base Chalk
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Figure 2.1.   Location map for wells in this report. Fault pattern after Britze et al. 1995.
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Figure 2.2.   Lithostratigraphic nomenclature for the Chalk Group in Danish Central Gra-
ben. From Surlyk et al. 2003; Vejbæk & Andersen 1987 and Lieberkind et al. 1982. Time
scale according to Gradstein et al. 1995.
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Figure 2.3.   Log correlation between the Gwen-2 and Sine-1 wells. In the Sine-1 well the
uppermost Hod formation is condensed or even missing. In the Gwen-2 well the lowermost
Tor formation is missing.
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Figure 2.4.   Danish Central Graben structural elements with faults at Base Chalk level.
Hatching indicates areas of positive Late Campanian inversion. (From Vejbæk & Andersen
2002). Associated with the main inversion phase during Late Campanian erosion on the
swells and redeposition in adjacent deeper sub-basins took place.
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3.  Formation pressure

Overpressure due to compaction disequilibrium
Overpressure, �P (Pa; 1 MPa=145 psi) is the difference between the measured formation
pressure, P, and the calculated hydrostatic pressure, PH, at depth Z:

ZgPPPP flH ������� � ,

where �fl (kg/m3) is the mean pore fluid density of the overburden, and g is the gravitational
acceleration (9.807 m/s2). According to Japsen (1998), �fl = 1.02 g/cm3 at depth in the cen-
tral North Sea. Overpressure is frequently given in mud weight equivalents (mwe):

1 ·103 kg/m3 mwe = 1 g/cm3 mwe = 9.807 MPa/km = 0.4335 psi/foot.

A pore fluid density of 1.02 g/cm3 thus corresponds to a water gradient of 10 MPa/km or
0.44 psi/f. The lithostatic pressure, S (Pa), at depth z is the stress exerted by the weight of
the overburden: S=�b·g·z where �b is the mean bulk density (wet). Terzaghi’s principle states
that the weight of the overburden per unit area, S, is borne partly by the rock matrix and
partly by the pore fluid:

PSS eff ��� � ,

where Seff (Pa) is the effective stress that is transmitted through the matrix (Terzaghi & Peck
1968). � is the Biot factor – or the effective stress coefficient (see Prasad & Manghnani
1997) – of the sediment and it ranges between 0 and 1 (assumed to equal 1 for high-
porosity rocks). The principle implies that if a rock is more deeply buried without change in
effective stress, the added load is carried by an increase in pore pressure, �P (for �=1).

Overpressure is generated by disequilibrium compaction when the weight of the overbur-
den is increased by addition of sediments at the surface, and the pore fluid in the formation
is sealed in the formation (Dickinson 1953; Rubey & Hubbert 1959; Osborne & Swarbrick
1997). The rock is unable to compact because the pore fluid cannot escape at the same
rate as load is added to the overburden of the rock. Consequently, the additional load is
carried by pore fluids, and higher than hydrostatic pressures result. The rock is said to be
undercompacted, because porosity becomes high relative to depth.

Effective depth for �=1
The chalk in the central North Sea is buried below a normally compacted upper overburden
and an undercompacted, sealing lower overburden. Here we will apply Terzaghi’s principle
to the case when a normally compacted rock is shifted to greater burial without change in
porosity (nor velocity) and thus without change in effective stress. In such a case the added
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load is carried by an increase in pore pressure. This may take place because the loading is
so rapid compared to the low permeability of the sealing shales that no pore fluid can es-
cape from the rock and hence no compaction can take place (Fig. 3.1). The effective stress
on the rock is identical before and after overpressuring, and we refer to the initial depth as
the effective depth of the rock: the depth corresponding to normal compaction of the rock
for the given effective stress (reflected in a given sonic velocity).

Prior to the additional burial the rock was at its maximum burial, Zeff (m below sea bed) and
the formation pressure prior was hydrostatic (i.e. the rock was normally compacted) and we
can write

efffleffloweff ZgZgPSS �������� �� (1)

where � is the average bulk density of the overburden,

If the rock is more deeply buried by the burial anomaly, dZB = Z - Zeff , relative to the depth
of normal compaction, without change in porosity or velocity of the chalk, the effective
stress, Seff, is unchanged because the overpressure, �P, carries the effective stress of the
additional overburden entirely. The unchanged effective stress in the rock and the over-
pressure equals the effective stress of the overburden:

)()('' PdZgZgdZgZgPSS BweffwBupeffeff ���������������� ���� (2)

where �up is the bulk density of the added upper part of the overburden (below the later
added upper overburden). We can combine the two above expressions:

)(

)()(

flupB

BupBfl

BfleffflBupefflowefffleff

dZgP
dZgPdZg

PdZgZgdZgZgZgZg

��

��

������

�����

�������

�������������������

(3)

if �up=2.06 103 kg/m3 and �w=1.02 103 kg/m3 we get:

m)in  ( MPa100/
10)02.106.2(807.9 3

BB

B

dZdZP
dZP

��

������

(4)

This means that a burial anomaly of 1000 m relative to the depth of normal compaction
reflects overpressure due to undercompaction of c. 10 MPa. In this simple case the load of
the added kilometre (20 MPa) is carried by the formation pressure – partly by increased
hydrostatic pressure (10 MPa) and partly by the overpressure (10 MPa): The effective
stress exerted by the added overburden is carried by the overpressure. Reformulating the
last two expressions we can estimate the effective depth in terms of the actual depth of the
rock with overpressure, �P, due to undercompaction:

  MPa)in  P(m100

)(
1

�����

��
���

PZZ

g
PZZ

eff

flup
eff

��

(5)
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This means that if the overpressure is 10 MPa, the effective stress at depth Z is the same
as for a normally compacted rock c. 1000 m less deeply buried.

Chalk pressure data
Chalk formation pressure data from Danish central North Sea are available for the study
from a number of sources (Table 3.1):

� pressure data published by Japsen (1998)
� pressure data from in-house reports
� pressure data in various completion reports

The pressure evaluations are based on drill stem and repeat formation tests, and are gen-
erally from the uppermost part of the Chalk. A few tests indicating very high pressure near
the base of the Chalk are probably related to the Jurassic-Lower Cretaceous pressure re-
gimes in the Central Graben, and are not included in the study. Mud weights have only
been used to give an upper limit for the overpressure where indicated.

The general trend revealed by the chalk overpressure data given in Table 3.1 agrees with
the map of chalk overpressure in the central North Sea (Fig. 3.2): Maximum overpressure
is found in the Ekofisk area below the late Cenozoic depocentre. The rapid loading of
sediments over the last c. 15 million years has generated undercompaction in the chalk
because the sealing lower Cenozoic shales prevent the chalk from compacting at the same
speed as sediments are added at sea bed. Overpressure declines away from this centre
towards NNW and SSE along the depocentre axis. In Danish waters overpressure ex-
ceeding 15 MPa occurs in the northern part of the Central Graben area (e.g. the South
Arne field) and decreases towards the south where 8 MPa is estimated for Skjold Flank-1
and 6.2 MPa for Sine-1. There is however some uncertainty about the decline of overpres-
sure towards the west and east where few data are available for the chalk; e.g. west of the
South Arne field and the Kit-1 well (Isak-1) and along the eastern flank of the graben.

Comments to selected overpressure estimates:

Baron-2/2a, 17.5 MPa: This value exceeds the regional level by c. 2 MPa.

Very few good estimates of the chalk formation pressure are available for the area west of
the South Arne Field.

Kit-1; 14.6 MPa: This well (just north of Jette-1) provides one of the few good data
points based on several pressure tests in the Maastrichtian reservoir (Tor Fm).
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Gert-1; 16.4 MPa: This value based on formation tests indicates increasing pressure
in the direction of the Ekofisk Field.

Olaf-1; 16.9 MPa: A very high overpressure based on an unsuccessful test in that
well. Overpressure estimates based on mud weights in near-by wells indicate a more mod-
erate level: Isak-1 (12.6 MPa), Diamant-1 (13.9 MPa), Liva-1 (14.0 MPa) and a very low
value for P-1 (9.0 MPa). The data from Olaf-1 has thus not been used in the estimation,
and the values for Diamant-1 and Bertel-1 (14.0 MPa) are taken as intermediate value be-
tween the estimate in Isak-1 and the test result in Kit-1. Likewise, the estimate for Jette-1
(14.6 MPa) is copied from the test result in Kit-1.

Skjold Flank-1; 8.1 MPa: This value is based an estimate of the initial pressure at the
location of the well based on regional data. RFT data for the Ekofisk Formation in the well
is c. 8 MPa, but RFT data for the Tor Formation give an overpressure of only c. 7 MPa.
According to the completion report this drop of about 1 MPa is to be expected due to pres-
sure depletion related to the production of the Skjold Field. The higher overpressure in the
Ekofisk Formation than in the Tor Formation suggests differential depletion between these
two formations.
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Table 3.1.   Chalk formation pressure

Well Core * Vs * DP
(MPa)

P
(MPa)

Z
(m bsl) Source Comment

Baron-2/2a x 17.5 45.8 2845 RFT Completion report
Bertel-1A 14.0   -ch Regional estimate, Kit-1
Cecilie-1B x (x) 3.5  2223 -ch Estimate from Elna-1
Diamant-1 14.0   -ch Regional estimate, Kit-1
Elin-1 15.9   -ch Estimate from Nora-1
Elly-1 13.4   -ch Estimate from Elly-2
Elly-2 13.4 42.8 2941 PJ  
Falk-1 15.0 44.9 3010 Erico  
Gert-1 x 16.4 49.0 3262 PJ  
Gwen-2 14.6   -ch Estimate from Kit-1
I-1 x 14.9 42.6 2765 PJ  
Iris-1 15.1 46.0 3111 Erico  
Isak-1 x 12.6  3200 mud weight Completion report
Jette-1 x 14.6   -ch, mud Estimate from Kit-1
Kit-1 x 14.6 46.3 3170 RFT Completion report
Nora-1   15.9 41.2 2574 PJ  
NW Adda-1 x 10.0 33.0 2300 -ch Regional estimate, Adda-1 + Bo-1
Otto-1 x 14.6 39.8 2521 PJ  
P-1 12.6   -ch Isak-1,  possibly less (cf. Erico)
Q-1 x 14.6   -ch Regional estimate, Kit-1
Ravn-1 14.2   -ch Regional estimate, Falk-1 + Elly-2
Ravn-2 14.2   -ch Regional estimate, Falk-1 + Elly-2
Rigs-2 x x 15.4 43.4 2800 Tests Amerada
SA-1 x x 15.4 43.4 2800 Tests Amerada
Sine-1 x 6.5 27.4 2100 RFT Completion report
Skjold Flank-1 x 8.1 29.0 2100 -ch Regional estimate, Skjold-1 (Erico)
T-1 15.0 37.5 2251 PJ  
T-3 x 14.5 39.3 2494 Erico  
W. Lulu-1 x 13.8 42.8 2910 Erico  
W-1 14.2   -ch Regional estimate, Falk-1+ Elly-2
* Availability of chalk cores and S-wave sonic log.
** Data courtesy of Amerada Hess (personal communication, Jørgen Jensenius  2003)

P Formation pressure.
�P Overpressure relative to water gradient of 10 MPa/km.
Z Vertical depth below sea level.
RFT Repeat formation tester.
-ch No chalk pressure data.
PJ Japsen (1998).
Erico Petroleum Information (Erico) (1995).
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Figure 3.1.   Burial anomaly, dZB (m), relative to a normal velocity-depth trend, VN. Under-
compaction due to rapid burial and low permeability causes overpressure, �Pcomp (MPa),
and low velocities relative to depth (positive dZB). Uplift and erosion reduce the overburden
thickness and result in overcompaction expressed as anomalously high velocities relative
to present-day depth (negative dZB). However, post-exhumational burial, BE, will mask the
magnitude of the missing section, �zmiss. The effective depth, Zeff, is the depth correspond-
ing to normal compaction as predicted by the normal velocity-depth trend for the measured
velocity. Modified after Japsen (1998).
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Figure 3.2. Corresponding areas of overpressured Chalk outlined from pressure measure-
ments and from Chalk burial anomalies coincident with the late Cenozoic depocenter.
a. Chalk formation overpressure.
b. Chalk burial anomalies relative to a normal velocity-depth trend (Japsen 1998).
The overpressured zone corresponds to maximum thickness of the late Cenozoic deposits,
whereas Paleocene sands overlying the Chalk to the northwest cause bleed-off of over-
pressure. South of the Viking Graben, shaly Chalk causes positive velocity anomalies even
where the Chalk is normally compacted. Modified after Japsen (1998).
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4. Temperature

The temperature at the top and the base of the chalk has been estimated for a number of
wells (Table 4.1) and mapped (Figs 4.1 – 4.2). The temperatures were calculated based on
the following considerations:

The temperature gradient was estimated for each well (Fig. 4.3) as the average gradient
based on available down-hole temperature measurements in the well using an assumption
of a surface temperature of 5�C. However, data from near-by wells were used for some
wells (Jette-1, Bertel-1, Baron-2 and Rigs-1). The estimated temperature gradients are thus
based on temperatures measured in different depths and in different formations depending
on the TD of each well.

The temperature at Base Chalk was calculated from its depth in the well, the temperature
gradient and a surface temperature of 5�C. The temperature at Top Chalk was calculated
from the thickness of the chalk in the well, the temperature at Base Chalk and a tempera-
ture gradient only 77% of the estimated average gradient in the well. The factor of 77% is
found from comparison of the average measured gradients and estimated gradients in the
chalk based on basin modeling.
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Table 4.1.   Temperature estimated at top and base chalk.

Well Top Chalk
temp.
(°C)

Base Chalk
temp.
(°C)

Temp.
gradient
(°C/km)

Top Chalk
 depth

(m TVD)

Base Chalk
depth
(m TD)

A-2 71 82 35 1778 2171
Adda-1 71 76 31 2058 2256
Adda-3 68 73 30 2071 2303
Baron-2 98 101 33 2803 2928
Bertel-1 100 124 28 3107 4222
Cleo-1 91 102 30 2791 3277
Deep Adda-1 78 85 34 2128 2384
Diamant-1 94 108 28 3013 3660
Edna-1 101 109 35 2678 2966
Elin-1 98 103 34 2679 2897
Elna 88 95 35 2438 2723
Gulnare-1 95 115 28 2942 3899
Gwen-2 102 124 30 3039 4004
I-1X 95 97 33 2727 2814
Iris-1 87 94 28 2867 3171
Jette-1 92 99 29 2889 3182
Karl-1 102 127 30 3023 4147
Kim-1 105 123 30 3119 3871
Liva-1 92 112 28 2910 3793
Lone-1 94 101 30 2949 3255
Lulu-1 97 109 32 2722 3214
Nora-1 98 106 35 2560 2861
Otto-1 99 106 38 2441 2689
P-1 87 92 28 2882 3117
Q-1 100 120 29 3033 3925
Ravn-1 105 122 31 3013 3745
Rigs-1 82 84 28 2748 2812
Skjold Flank-1 78 95 32 2169 2795
T-3 95 102 36 2438 2699
W-1 97 112 29 3054 3726
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Figure 4.1.   Temperature at Top Chalk estimated in wells (Table 4.1). Contours represent
interpolation of the temperatures in the wells.
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Figure 4.2.   Temperature at Base Chalk estimated in wells (Table 4.1). Contours represent
interpolation of the temperatures in the wells.
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Figure 4.3.   Average temperature gradient estimated for the section penetrated by the
wells (Table 4.1). Contours represent interpolation of the gradients in the wells.
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5. Acoustic properties

Log data from the Chalk Group in 28 wells were quality controlled and used as input for
estimation of porosity and water saturation (Ødegaard 2005). The porosity and brine satu-
ration interpretation was done simultaneously using the bulk density, deep and mi-
cro/shallow resistivity well log curves together with Archie’s equation assuming (a, n, m) =
(1, 2, 2). Parameters such as Rw, Rmf and RHOmf was used as input (if available) together
with fixed matrix density and clay properties.

Main aspects of the chalk data are shown in cross plots of the physical parameters in Ap-
pendix 2. A larger selection of cross plots is presented in PowerPoint files on the enclosed
CD together with the data files in MatLab format. Various aspects of the data for each of
the wells is discussed in the section below.

Typical examples of the variation of the acoustic properties of the chalk are revealed by the
plots of the thick chalk sections in the Gwen-2 and the near-by Jette-1 well (plots shown in
Appendix 2):

� The plot of Vp versus porosity indicates a clear separation between the formations
in these wells: Tor plots along a long and narrow trend whereas Hod plots as a
cluster of points with low porosity and Ekofisk either plots along the Tor trend (Eko-
fisk porous) or as data points with low velocity-porosity values (Ekofisk tight). This
distinction corresponds to the differences in the gamma log: low gamma ray (GR) in
Tor and parts of Ekofisk and higher values for most of Hod and Ekofisk (see also
cross plots colorcoded by GR values in the PowerPoint files on the enclosed CD).

� There is an overall drop in porosity with depth in the Tor Formation and corre-
sponding increase in velocity for these wells. When the log data are plotted against
depth and effective depth with compressed depth scales it is apparent that there is
a drastic change in these parameters over a narrow interval in effective depth (cor-
rected for overpressure): c. 1700 – 1800 m. We refer to this sharp drop in porosity
and an increase in velocity as the ‘Cementation front’. The front is where (minimum)
velocity cross c. 4.5 km/s and (maximum) porosity cross c. 15%. It is only possible
to judge the match between the normal trends and the data versus effective depth
for chalk sections of substantial thickness.

� The plots of velocity versus porosity reveals that velocity increases as porosity is
lost during greater burial; cf. the plots for the Gwen-2 and Isak-1 wells. For these
wells data for the Hod Formation moves towards the upper left of the diagram when
we compare the more deeply buried chalk in the Gwen-2 well (c. 3400 – 4000 m)
with the Isak-1 well (c. 3100 – 3200 m). The data are moving along the MLHS
trend. A similar shift of the data points can be seen for the Tor and Hod formations
when comparing the Sine-1 well with the more deeply buried Skjold Flank-1 well.

� The level of Vp versus porosity is quite different for the Gwen-2 and the Jette-1
well: Jette-1 has considerably higher P-velocities for the same porosity than the
Gwen-2 well. This difference would probably have been even clearer if a shear ve-
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locity log had been available for the Gwen-2 well, because Jette-1 has very high S-
velocities compared to porosity and a corresponding low Vp-Vs ratio (also com-
pared to other wells with Vs data).

The analysis reveals that the gamma ray gives information that are important for evaluating
the acoustic properties of the chalk. The typical level for the GR readings for the chalk is
just below 10 API for the pure chalk in the Tor Formation with maxima up to c. 20 API in the
less pure formations (e.g. Jette-1). Bad calibration of the gamma tool may be the reason
why the same relative variations are found for chalk in other wells – only with a much
higher base level (e.g. Baron-2). The true variations of the gamma radiation in the chalk
may also be obscured by potassium content of the drilling mud (compare the low and sys-
tematic GR variations in the T-1 well with high and constant level in the near-by T-3 well or
P-1 relative to Isak-1 or Elin-1 relative to Nora-1). The high and monotonous GR reading (c.
45 API) for the Sine-1 well could be mistaken as an erroneous measurement, but the log
data from the near-by Per-1 well (not included in this report) show the same uniform GR
level for the chalk – only very close to a base level of 10 API.

Plots of velocity versus porosity or Vp versus Vs show two reference curves:
The modified upper and lower Hashin-Shtrikman curves (MUHS, MLHS) defined from log
data for chalk on the Ekofisk Field (Walls et al. 1998; see also Japsen et al. 2004).

Plots of velocity and porosity versus depth show two other reference curves:
The normal-velocity depth trend for North Sea Chalk defined by Japsen (2000) (a revision
of the trend defined by Japsen 1998). The normal velocity-depth trend was based on an
analysis of data from 845 wells throughout the North Sea Basin and data from outside the
North Sea (Ocean Drilling Project). Normally compacted Chalk is rare in the North Sea Ba-
sin (no overpressure and no erosion of the overburden). However, in the southern, central
part of the Basin, the chalk is deeply buried and overpressure is low and decreasing to-
wards the south. Here, – in Dutch and British waters – it is thus possible to identify wells
where the chalk is normally compacted in the interval with velocities ranging from c. 2.5 to 4
km/s. For smaller velocities the trend is based on ODP data and for velocities greater than
4 km/s, data representing normal compaction were identified along the upper bound in a
velocity-depth plot where the effect of undercompaction due to overpressuring is a mini-
mum. The trend is formulated as a segmented, linear function:
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The velocity increase with depth, k [m/s/m = 1/s], ranges from 1 to 2 s-1 with a maximum
between a depth of 1 and 1.5 km (Fig. 1b).

The normal porosity-depth trend for North Sea chalk was estimated by Sclater & Christie
(1980) also by combining shallow data from outside the North Sea (Deep Sea Drilling Proj-
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ect) with deep data from two normally pressured bore holes in the North Sea. The trend is
formulated as exponential porosity decay (Fig. 2a):

1408/7.0 zCh
N e�

��� (3)

The porosity decay with depth, kphi [m-1 = 105 pu/km], ranges from –50 pu/km (=0.0005 m-

1) near the surface to c. –5 pu/km at a depth of 3 km (Fig. 2b).

There is an overall agreement between the normal trends for velocity-depth and for poros-
ity-depth of Japsen (1998, 2000) and Sclater & Christie (1980), even though they are not
completely compatible. The agreement is evident from these plots for the Gwen-2 well: at
shallow depths (c. 1.7 km) the minimum velocities and the maximum porosities are in
agreement with normal trends when plotted against effective depth. However, at the base
of the chalk velocity data match the velocity-depth trend, whereas the porosity data are
much smaller than predicted by the porosity-depth trend.

Comments to the cross plots for the individual wells

Baron-2
� Thin chalk section (c. 100 m) with no GR separation between Ekofisk porous and

Hod (Tor missing). Some HC in Ekofisk. Log pattern comparable to I-1. (log plot)
� Max phi c. 30% in Ekofisk (large scatter). (V-phi plot)
� Estimate of overpressure results in a poor match between normal trend and sonic

data vs effective depth. Overpressure may be overestimated. Section just above
‘Cementation front’. (V-Z plot)

Bertel-1
� Very thick chalk section (c. 1100 m) where GR is relatively high in Ekofisk and Hod

and relatively low in Tor. Thick Tor with shift in character between Tor and Hod
(GR, V and phi). No clear porosity-depth trend in Hod, but velocity variations reflect
GR log. Similar log pattern as in Diamant-1, Gwen-2, Q-1 and Jette-1. Bertel more
deeply buried than near-by Diamant-1 and thick chalk section down to c 4300 m.
(log plot)

� Max phi c. 25% in Ekofisk and Tor. Ekofisk tight separated from clean Ekofisk and
Tor. Very high Vp-values (up to 6 km/s) reflecting deep burial. Tor plot on a clearly
‘stiffer’ V-phi trend than Diamant-1. High GR plot in the lower left corner of the V-phi
data (low V). Large phi-range for Tor and low range for Hod. (V-phi plot)

� Estimate of overpressure results in a fair match between normal trend and sonic
data vs effective depth. Overpressure may be underestimated. ‘Cementation front’
within Tor Fm (V-Z plot)
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Diamant-1
� Fairly thick chalk section (c. 600 m) where GR is relatively high in Ekofisk and Hod

and relatively low in Tor. A high-porosity interval in Hod (3575 m kb) is reflected in
low Vp. Similar log pattern as in W-1 and Jette-1. (log plot)

� Max phi c. 20% in Ekofisk and Tor. Ekofisk tight separated from clean Ekofisk and
Tor. High GR plot in the lower left corner of the V-phi data (low V). (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ within Tor. (V-Z plot)

Elin-1
� Fairly thin chalk section (c. 200 m) with no GR difference between Ekofisk, Hod and

Hidra (untypical high GR level – compare with near-by Nora-1 well) (Tor almost ab-
sent). Log pattern comparable to Nora-1 (and Isak-1). (log plot)

� Max phi around 20% for few recordings in Tor and Ekofisk. Rather scattered data
points. (V-phi plot)

� Estimate of overpressure results in a poor match between normal trend and sonic
data vs effective depth (maybe overestimated overpressure). ‘Cementation front’
within Hod. (V-Z plot)

Elly-1
� Fairly thick chalk section (c. 400 m) where GR is relatively high in Ekofisk and in

Hod and particularly in the deepest part of Hod and in Hidra, but generally small
variations. Small phi-contrast between Tor and Hod. Gradual decrease of phi corre-
sponds to marked increase of V with depth in Hod (high porosity near base chalk).
Similar to Falk-1 (and Elly-1, Ravn-1, -2) – but no high-porosity interval in Hod. (log
plot)

� Max phi c. 20% in Tor. Narrow V-phi trend for Hod (near MLHS trend). Hidra reveal
high GR and phi around 10-15%. High GR plot in the lower left corner of the V-phi
data (low V). The deepest data points plot (Hidra) plot in the middle of the V-phi
trend. (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ represented by gradual increase of ve-
locity below effective depth of 1500 m within Hod Fm (similar to the changes seen
in Hod in Sine-1). (V-Z plot)

Elly-2
� Fairly thick chalk section (c. 600 m) where GR is higher in Hod than in Tor, but

small GR range. Small phi-contrast between Tor and Hod. Gradual decrease of phi
and increase of V with depth in Tor and Hod. Hidra reveal high GR and phi around
10-15%. Similar to Elly-1 – but with high-porosity interval in Hod as in Falk-1. (log
plot)

� Max phi c. 20% in Tor. Broader V-phi trend for Hod than in Elly-1. High GR plot in
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the lower left corner of the V-phi data (low V). The deepest data points plot (Hidra)
plot in the middle of the V-phi trend. (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ represented by gradual increase of ve-
locity below effective depth of 1500 m within Hod (cf. Sine-1). (V-Z plot)

Falk-1
� Thick chalk section (c. 700 m) where GR is relatively high in Ekofisk and relatively

low in the thin Tor. Sharp drop of phi (increase in V) from Tor to Hod. Gradual de-
crease of phi with depth in Hod. Very similar to Ravn-1 and W-1 (and Elly-1, -2) –
also a high-porosity interval in Hod (3450 m kb) is reflected in low Vp. Less deeply
buried than Ravn-1. (log plot)

� Max phi c. 25% in Tor and Ekofisk. Slightly higher minimum phi than in the Ravn-1
and corresponding higher max. Vp. Hidra reveals high GR and low phi. High GR
plot in the lower left corner of the V-phi data (low V). (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. Slightly overestimated overpressure? ‘Cementation front’
represented by gradual increase of velocity below effective depth of 1500 m within
Hod. (V-Z plot)

Gert-1
� Thick chalk section (c. 800 m) where GR is relatively high in Ekofisk and Hod and

relatively low in Tor (but also low in the upper part of Hod). Thick Ekofisk and Tor.
Rather gradual shift in character between Tor and Hod – e.g. decline of porosity
(GR, V and phi). No clear porosity-depth trend in Hod , but velocity variations reflect
variations in GR and porosity logs. Similar log pattern as in Diamant-1, Bertel-1,
Gwen-2 and Jette-1. (log plot)

� Max phi c. 25% in Tor and Ekofisk Rather scattered data, but difference between
Tor and Hod. Tor plot on a rather low V-phi trend. Hod has fairly high minimum po-
rosities (>5%) – cf. Gwen-2 (greater effective depth, more compacted Hod). High
GR plot in the lower left corner of the V-phi data (low V). (V-phi plot)

� Estimate of overpressure results in a match between normal trend and sonic data
vs effective depth. Velocity increase in upper Tor matches normal trend. ‘Cementa-
tion front’ within Tor. (V-Z plot)

Gwen-2
� Very thick chalk section (c. 1000 m) where GR is relatively high in Ekofisk and Hod

and relatively low in Tor. Thick Tor with shift in character between Tor and Hod
(GR, V and phi). No clear porosity-depth trend in Hod , but velocity variations reflect
porosity and GR log. Similar log pattern as in Diamant-1, Bertel-1, Q-1 and Jette-1.
(log plot)

� Max phi c. 25-30% in Tor. Very nice example of separation of the chalk formations
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in a plot of V-phi. Ekofisk tight separated from clean Ekofisk and Tor. Tor plot on a
very narrow V-phi but not as ‘stiff’ as in Bertel-1 (but a higher trend than in Diamant-
1). Hod has low phi and high V. Hidra represent max velocities for the chalk. High
GR plot in the lower left corner of the V-phi data (low V). Large phi-range for Tor
and low range for Hod. (V-phi plot)

� Estimate of overpressure results in good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ within Tor. (V-Z plot)

I-1
� Thin chalk section (c. 100 m) with no GR separation between Ekofisk and Hod (Tor

almost missing). Some HC in Ekofisk and thin Tor. Log pattern comparable to
Baron-2. (log plot)

� Max phi c. 30% in Ekofisk (large scatter). (V-phi plot)
� Estimate of overpressure results in a match between normal trend and sonic data

vs effective depth. Section above ‘Cementation front’. (V-Z plot)

Iris-1
� Fairly thin chalk section (c. 300 m) with no clear GR separation between Ekofisk,

Tor (thin) and Hod. High GR and low Vp for most of Hidra. Log pattern comparable
to Isak-1. (log plot)

� Max phi c. 20-25% in Ekofisk. High GR plot in the lower left corner of the V-phi data
(low V). (V-phi plot)

� Estimate of overpressure results in a fair match between normal trend and sonic
data vs effective depth. Overpressure may be overestimated. No clear ‘Cementa-
tion front’ (section mainly below the front). (V-Z plot)

Isak-1
� Fairly thin chalk section (c. 300 m) without clear GR difference between Ekofisk,

Tor and Hod. The clear GR difference seen for the near-by P-1 well may suggest
that the GR data for Isak-1 may be of bad quality. A clear separation between the
formations is seen on the Vp/Vs log. A consistent depth trend is seen for phi and Vp
in the Hod formation. Log pattern comparable to e.g. P-1, Nora-1 and Elin-1. (log
plot)

� Max phi c. 25% in Tor. The V-phi plot reveals a clear separation of the Ekofisk , Tor
and Hod formations: Ekofisk tight separated from clean Tor, which has a well-
defined trend. Hod plots towards lower phi-V and this is probably related to higher
clay content (not revealed by the GR data). The data plot quite similarly to the data
from the near-by Diamant-1 well, but significantly lower V-phi compared to the
Jette-1 well. (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth (maybe slightly underestimated overpressure). ‘Cementation
front’ within Tor and Hod. (V-Z plot)
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� High Vp/Vs for Ekofisk and Tor tight and elevated level for most of Hod (compared
to Tor) – probably related to clay content. Vp/Vs(Tor) c. 1.9 in contrast to c. 1.8 for
Jette-1. (Vp/Vs-phi plot)

Jette-1
� Thick chalk section (c. 900 m) with clear GR difference between Ekofisk, Tor and

Hod. This separation is also seen on the Vp/Vs log. An overall depth trend is seen
for phi and Vp in the Tor formation. High GR correlates with low Vp and Vs in the
Hod Formation (c. 3720 and 3820 m) and consequently not with high Vp/Vs. Very
similar to the logs from the near-by Gwen-2 well (log plot)

� Max phi c. 25-30% in Ekofisk and Tor. The V-phi plot reveals a clear separation of
the Ekofisk , Tor and Hod formations: Ekofisk tight separated from clean Tor, which
has a well-defined trend with a very large phi-range (over a limited depth range).
High-GR Ekofisk and Hod plot towards lower phi-V. The data plot quite similarly to
the data from the near-by Gwen-2 well, but along a higher V-phi trend. (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ within Tor. (V-Z plot)

� Low Vp/Vs for Tor and Hod – marked ‘smile’ with minimum for phi = 15%.
Vp/Vs(Tor) c. 1.8 in contrast to c. 1.9 for Isak-1. No high Vp/Vs values for high GR
(as in Isak-1), whereas high GR deviates from V-phi trend. (Vp/Vs-phi plot)

Nora-1
� Fairly thin chalk section (c. 300 m) with higher GR in Hidra than in most of Hod (Tor

absent). General depth trend in Hod for phi and Vp. Log pattern comparable with
Elin-1 (and Isak-1). (log plot)

� Max phi around 25% for few recordings in Ekofisk and Hod. General V-phi trend for
Hod. Very low velocities for most Hidra data (but normal porosities). Could be re-
lated to transference of overpressure from deeper source rocks: V>3.5 km/s for
phi= 10% (original data V>3 km/s). (V-phi plot)

� Estimate of overpressure results in a poor match between normal trend and sonic
data vs effective depth (maybe overestimated overpressure or transference of
overpressure from pre-chalk strata). ‘Cementation front’ near Hod. (V-Z plot)

NW Adda-1
� Fairly thin chalk section (c. 300 m) without clear GR difference between Ekofisk,

Tor and Hod. The GR level is high (50 API), but it is unclear whether it represents a
uniform level as that for the uniform chalk in Sine-1 or an erroneous reading. That
the GR log is erroneous is indicated because a high Vp-Vs ratio in the uppermost
Ekofisk is not reflected in high GR readings. Both GR and Vp/Vs-log has a very
broad range. Large porosity variations are seen along the depth axis. Fairly long
distance between this well and the other wells in the study, but the log pattern cor-
responds to Ein-1 and Nora-1 – only with higher porosities. (log plot)
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� Max phi c. 30-35% in Ekofisk and Tor – a large scatter is seen in the data set. (V-
phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth (maybe slightly underestimated overpressure). ‘Cementation
front’ just below the section. (V-Z plot)

� Huge scatter in Vp/Vs – centred around a value of 1.9. (Vp/Vs-phi plot)

Otto-1
� Fairly thin chalk section (c. 200 m) with no GR separation (high API level). HC in

Tor. Comparable to T-3. (log plot)
� Max phi c. 40% in Tor reservoir (low Sw and low Vp). No GR separation of the data.

(V-phi plot)
� Estimate of overpressure results in a poor match between normal trend and sonic

data vs effective depth. Overpressure may be overestimated or maybe salt
diapirism has moved the chalk to a more shallow depth or overpressure is in-
creased by transfer from more deeply buried chalk. Section above ‘Cementation
front’. (V-Z plot)

P-1
� Fairly thin chalk section (c. 200 m) with clear GR difference between Ekofisk and

Tor (thin) (similar to upper part of Hod). High GR in the lower part of Hod is re-
flected in low Vp. Thin Hidra has low GR and high Vp. Log pattern comparable to
Isak-1 and Elin-1. (log plot)

� Max phi c. 25% in Tor and Ekofisk (few points). The V-phi plot indicates the typical
separation of the Ekofisk, Tor and Hod formations (cf. Isak-1). High-GR Ekofisk and
Hod plot towards lower phi-V. (V-phi plot)

� Estimate of overpressure results in a fair match between normal trend and sonic
data vs effective depth (section too thin to make any further assessments). ‘Ce-
mentation front’ within Hod. (V-Z plot)

Q-1
� Thick chalk section (c. 900 m, but no data for lower part) where GR is relatively

high in Ekofisk and Hod and relatively low in Tor. Thick Tor with shift in character
between Tor and Hod (GR, V and phi). No clear porosity-depth trend in Hod. Simi-
lar log pattern as in Diamant-1, Bertel-1, Gwen-2 and Jette-1. (log plot)

� Max phi c. 20-25% in Tor and Ekofisk. Ekofisk tight separated from clean Ekofisk
and Tor. Tor plot on a well-defined V-phi but, fairly ‘stiff’, but not as ‘stiff’ as in
Bertel-1. Hod has very low phi (lower than Gwen-2). High GR plot in the lower left
corner of the V-phi data (low V). (V-phi plot)

� Estimate of overpressure results in a match between normal trend and sonic data
vs effective depth. ‘Cementation front’ within Tor. (V-Z plot)
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Ravn-1
� Thick chalk section (c. 700 m) where GR is relatively high in Ekofisk and relatively

low in Tor. Very similar to Ravn-2 and W-1 – also a high-porosity interval in Hod
(3630 m kb) is reflected in low Vp. Extends deeper than Ravn-2. (log plot)

� Max phi c. 20% in Ekofisk and Tor. Slightly lower phi and higher Vp than in W-1
matches deeper burial of chalk in Ravn-1. Hidra reveal high GR and low phi, plot
similarly as Hod. High GR plot in the lower left corner of the V-phi data (low V). (V-
phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ represented by gradual increase of ve-
locity below effective depth of 1500 m within Hod (cf. Sine-1). (V-Z plot)

Ravn-2
� Thick chalk section (c. 700 m) where GR is relatively high in Ekofisk and relatively

low in Tor. Sharp drop of phi from Tor to Hod (increase in V). Hidra reveal high GR
and low phi. Very similar to Ravn-1 and W-1 – also a high-porosity interval in Hod
(3600 m kb) is reflected in low Vp. (log plot)

� Max phi c. 20-25% in Tor. Lower minimum phi than in Ravn-1 even though the
Ravn-1 chalk section extends to greater burial – differences in porosity estimation?
High GR plot in the lower left corner of the V-phi data (low V). (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ represented by gradual increase of ve-
locity below effective depth of 1500 m. (V-Z plot)

Rigs-2
� Very thin chalk section (c. 50 m) with no GR difference between Ekofisk and Tor.

Clear peak in Vp and Vs at top Tor. High oil saturation in Tor. Low Vp-Vs ratio –
maybe related to invasion of mud filtrate and problematic estimation of Vs in very
high-porosity chalk (see Japsen et al. 2004). (log plot)

� Max phi c. 40-45% in Tor and Ekofisk. The V-phi plot reveals a separation of the
Ekofisk and Tor formations with the pure Tor formation shifted towards higher poro-
sities. No clear GR separation of the data. (V-phi plot)

� Estimate of overpressure results in a poor match between normal trend and sonic
data vs effective depth. Possibly due to high porosities caused by porosity preser-
vation due to early hydrocarbon entry. Section above ‘Cementation front’. (V-Z plot)

� Vs plot above the MUHS trend – maybe data problems. (Vs-phi plot)
� Low Vp/Vs for Tor and Hod – see above. (Vp/Vs-phi plot)

SA-1 TVD ??
� Fairly thin chalk section (c. 200 m) with GR difference between Ekofisk and Tor.

This separation is not seen on the Vp/Vs log because of the high oil saturation in
the Tor formation (low Vp). (log plot)
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� Max phi c. 30-35% in Tor. The V-phi plot reveals a clear separation of the Ekofisk
and Tor formations with the pure Tor formation shifted towards higher porosities.
Fluid substitution of the Tor data would shift them up towards the MUHS trend –
and thus a higher trend than seen in most wells (apart from Jette-1). This argument
assumes that there are no problems with invasion of mud filtrate in the well (as in
the high-porosity Rigs-2 well). No clear GR separation of the data. (V-phi plot)

� Estimate of overpressure results in good match between normal trend and sonic
data vs effective depth. This indicates that the porosities in SA-1 are agreement
with the present effective stress (in contrast to Rigs-2 where porosities are relatively
high). Section above ‘Cementation front’. (V-Z plot)

� Vs plot along MUHS trend as for Jette-1 data (in sharp contrast to Isak-1). Bad Vs
data for Ekofisk. (Vs-phi plot)

� Low Vp/Vs for Ekofisk and Tor – probably due to low density of hydrocarbons. Fluid
substitution would result in a high Vp/Vs ratio (probably close to the MUHS trend
and quite different from Jette-1). (Vp/Vs-phi plot)

Sine-1
� Very thick chalk section (c. 1000 m) without clear GR difference between Ekofisk,

Tor and Hod. The GR level is high (40 to 50 API) and fairly scattered. The uniform
level may correspond to that seen in Skjold Flank-1 and thus simply reflect very
uniform chalk. This interpretation is also supported by the symmetry between the
GR and the Vp/Vs logs. The Vp/Vs-log has a very broad range. Consistent depth
trends are seen for phi and Vp in the upper part of Tor (above c 2100 m MD) and in
Hod. The lower part of Tor reveals remarkably stable values of � and Vp over c.
300 m. The log pattern is similar to Skjold Flank-1, but with a more clearly devel-
oped intra-chalk unconformity in Sine-1 – probably due to differences in the physi-
cal parameters across the unconformity in Sine-1. The hiatus is very small at this
unconformity for both wells (see Appendix 1). (log plot)

� Max phi up to 40% in Tor – large range of both phi and Vp, and a fairly narrow trend
in the data set. Apparently a slight shift in the V-phi trends for Tor and Hod, but few
data points for � between 15 and 20%. However, the chalk is probably very uniform
and the general trend related to depth-dependent ‘compaction’ (cf. the Skjold Flank-
1 well). (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth (maybe slightly underestimated overpressure – or slightly to
high normal velocity-depth trend). Note the relatively low P-velocities in the lower
part of Tor. ‘Cementation front’ in uppermost part of Hod. (V-Z plot)

� Rather high Vp/Vs for Tor and Hod: plots as a smile versus phi with a range from
1.85 to 2.05 (similar to Skjold Flank-1). Data between 5 and 25% plot near the
MUHS/MLHS trends. Whereas Vp plots close to the MLHS trends (Vp-phi), Vs plots
slightly below the MLHS trend for the upper part of Tor (Vs-phi plot not shown).
Lowest part of Hod and Hidra show relatively low Vp/Vs. (Vp/Vs plots)
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Skjold Flank-1
� Fairly thick chalk section (c. 600 m) without clear GR difference between Ekofisk,

Tor and Hod. The GR level is high (30 API), but the uniform level may correspond
to that seen in Sine-1 and thus simply reflect very uniform chalk. This interpretation
is also supported by the symmetry between the GR and the Vp/Vs logs. The Vp/Vs-
log has a fairly broad range and even a cyclicity in the Tor Formation with a wave-
length of about 10 m. This cyclicity is not seen on the porosity-log and may well be
an artefact. A consistent depth trend is seen for phi and Vp in the Tor and espe-
cially the Hod. The log pattern is similar to Sine-1, but with a less clearly developed
intra-chalk unconformity. The hiatus is very small at this unconformity for both wells
(see Appendix 1). (log plot)

� Max phi c. 30% in Tor – large range of both phi and Vp, but also a large scatter in
the data set. No V-phi separation between Tor and Hod in agreement with the uni-
form GR log for both formations: The chalk is probably very uniform and the general
trend related to depth-dependent ‘compaction’ (cf. the Sine-1 well). (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth (maybe slightly to high normal velocity-depth trend). ‘Ce-
mentation front’ in uppermost part of Hod. (V-Z plot)

� Rather high Vp/Vs for Tor and Hod: plots as a smile versus phi with a range from
1.9 to 2, but large scatter (and unlikely variations in Vs seen in plot of Vp vs Vs).
Whereas Vp plots in between the MUHS and MLHS trends (Vp-phi), Vs plots to-
wards the MLHS trend (Vs-phi plot not shown). (Vp/Vs plots)

T-1
� Thin chalk section (c. 100 m) with GR separation between Ekofisk, Tor (thin) and

most of Hod. Low Sw in Tor. Log pattern a condensed version of T-3. (log plot)
� Max phi c. 30% in Ekofisk and Tor. Low Vp in Tor due to HC. High GR plot in the

lower left corner of the V-phi data (low V, Ekofisk tight). (V-phi plot)
� Estimate of overpressure results in a very poor match between normal trend and

sonic data vs effective depth. Maybe salt diapirism has moved the chalk to a more
shallow depth or overpressure is increased by transfer from more deeply buried
chalk. Section above ‘Cementation front’. (V-Z plot)

T-3
� Fairly thin chalk section (c. 300 m) with slightly higher GR for Ekofisk. Some HC in

upper part of Tor. General depth trend for Vp and phi. Comparable to T-3. (log plot)
� Max phi c. 30% in Tor and Ekofisk. Separation of Ekofisk, Tor and Hod similar to

Isak-1 (but higher V-phi level for T-3). No clear GR separation of the data. (V-phi
plot)

� Estimate of overpressure results in a poor match between normal trend and sonic
data vs effective depth. Maybe salt diapirism has moved the chalk to a more shal-
low depth or overpressure is increased by transfer from more deeply buried chalk.
Section above ‘Cementation front’. (V-Z plot)
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W-1
� Thick chalk section (c. 700 m) where GR is relatively high in Ekofisk and relatively

low in Tor A high-porosity interval in Hod (3650 m kb) is reflected in low Vp. Log
pattern comparable to Diamant-1 and Jette-1. (log plot)

� Max phi c. 25% in Ekofisk and Tor. Uppermost part of Ekofisk plot outside normal
V-phi chalk area, Ekofisk tight clearly separated from clean Ekofisk and Tor. (V-phi
plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ within Tor. (V-Z plot)

West Lulu-1
� Fairly thick chalk section (c. 600 m) with clear GR difference between Ekofisk, Tor

and Hod. An overall depth trend is seen for phi and Vp in the thick Tor formation.
High GR in the thick Ekofisk formation correlates with low phi. Similar to the logs
from the Jette-1 well (log plot)

� Max phi c. 25-30% in Tor. The V-phi plot reveals a clear separation of the Ekofisk ,
Tor and Hod formations: Ekofisk tight separated from clean Tor, which has a well-
defined trend with a very large phi-range. High-GR Ekofisk and Hod plot towards
lower phi-V. The data plot quite similarly to the data from the Jette-1 well, also
along a high V-phi trend. (V-phi plot)

� Estimate of overpressure results in a good match between normal trend and sonic
data vs effective depth. ‘Cementation front’ within Tor. (V-Z plot)
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6. Data CD

Lithostratigraphic subdivision

Excel file with depth to individual boundaries in the wells

Filename: lithological subdivision.xls

CGM files with cross correlation of log data

Filenames:
correl1.cgm: Arne-Elin Graben  – NW Adda-1 – Sine-1
correl2.cgm: Mandal High – Svend Field – Gertrud and Feda Grabens
correl3.cgm: Inge High – Heno Plateau
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Figure 6.1.  Location of the stratigraphic correlation panels
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Acoustic properties

Power Point files with cross plots of log data

Filenames: <wellname<.ppt:

Baron-2
Bertel-1A
Diamant-1
Elin-1
Elly-1
Elly-2
Falk-1
Gert-1
Gwen-2
I-1
Iris-1
Isak-1
Jette-1
Nora-1
NW Adda-1
Otto-1
P-1
Q-1
Ravn-1
Ravn-2
Rigs-2
SA-1
Sine-1
Skjold Flank-1
T-1
T-3
W. Lulu-1
W-1
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MatLab files with log data for the chalk sections in each well

Filenames:
v6_<wellname<.m (MatLab version 6)
v7_<wellname<.m (MatLab version 7)

Parameters:

d depth, m below kb (array)
d1, d2, depth to top and base chalk, m below kb (scalar)
dmax, dmin min and max depths used in log plots (scalar)
dp chalk formation overpressure, 100xMPa (scalar)
dref distance between kb and sea bed, m (scalar)
dtp, dts transit time for P- and S-waves, micro sec/foot (array)
g = g_i shear modulus, GPa (array)
gr gamma ray (scalar)
i, j indices (scalar)
k_w=k_w_i bulk modulus, GPa (array)
litho lithology code*, - (array)
m_w P-wave modulus, GPa (array)
nu_w poisson’s ratio. – (array)
phi porosity, - (array)
rho density, g/cm3 (array)
sw water saturation, - (array)
vp, vs P- and S-wave velocity, m/s (array)
zb_eko, zb_hdr, zb_hod, zb_plm, zb_tor, zt_eko, zt_hdr, zt_hod, zt_plm, zt_tor

depth to top and base Ekofisk/Hidra/Hod/Plenus Marl/Tor formations

*) lithology code:

1 – Ekofisk Fm
2 – Tor Fm
3 – Hod Fm
4 – Plenus Marl
5 – Hidra Fm

If the thickness of any of these units is less than 1 m the unit is not present in the well but
only included in the data set in this way to avoid problems with the legends in the cross
plots.
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Appendix 1: Lithostratigraphic subdivision

Formation tops in 29 wells. Bold numbers refer to the main lithostratigraphic formations.
Normal font numbers refer to subunits. Grey pattern indicate a hiatus identified in the wells.
The data indicate a regional hiatus (the Intra-Chalk Unconformity) associated with the top
of the Hod formation. The time span related to with the Intra-Chalk Unconformity varies
according to basin setting.



Chronostratigraphy Correlations
horizons

Short Baron-2 Bertel-1 Diamant-1 Elin-1 Elly-1 Elly-2 Falk-1 Gert-1 Gwen-2 I-1

m MD m MD m MD m MD m MD m MD m MD m MD m MD m MD
Danian Top Chalk Top Chalk 2826 3147,5 3050 2733,5 2855 2857 2901 3150,5 3078 2764,5

Ekofisk 3 Eko3 2841 3174 3063 2857 2858,5 2922 3179,5 3097
Ekofisk 2 Eko 2 2860 3196 3073 2733,5 2864 2866 2940,5 3205 3103,5 2764,5
Ekofisk 1 Eko 1 2880 3221 3097 2746 2867,5 2874 2955 3229 3122,5 2779

Maastrichtian Latest Top Tor Top Tor 2905 3259 3139 2751 2883 2900 2991,5 3277,5 3155,5 2798
Upper Tor 2 UT2 3281 3182 2753 2891 2918,5 3012,3 3276,5 3170,5
Upper Tor 1 UT1 3336 3207,5 2779 2925 2947,5 3029,7 3304 3201 2798

Late Middle Tor 2 MT2 3401 3229 2806 2994 3054 3348,5 3252,5 2805
Middle Tor 1 MT1 3522 3257 3406 3335

Early Lower Tor 3 LT3 3460,5 3308 3453 3400
Lower Tor 2 LT2 3521
Lower Tor 1 LT1

Campanian Late Top Hod Top Hod 2905 3521 3308 2806 2925 2994 3054 3453 3400 2805
Upper Hod 4 UH4 3575 3344,5 2963 3018 3116,5 3460
Upper Hod 3 UH3 3646 3412,5 3006 3050 3163 3526,5

Early Upper Hod 2 UH2 3694 3454 3037 3082 3224 3453 3587,5
Upper Hod 1 UH1 3731 3485 3055,5 3120 3280,5 3479,5 3631,5

Santonian Middle Hod 4 MH4 3799 3533 2806 3105,5 3137 3332 3528 3666
Middle Hod 3 MH3 3837 3533 2821 3179 3209 3378,5 3591,5 3718

Coniacian Middle Hod 2 MH2 2905 3866,5 3554 2848,5 3214 3253 3410 3626 3742 2805
Middle Hod 1 MH1 2930 3908 3579 2868 3263 3291 3449 3671 3763 2821,5

Turonian Lower Hod 4 LH4 2949 3949 3631 2915 3323,5 3483 3730 3800 2852
Lower Hod 3 LH3 4010,5 3365 3495 3781 3837,5
Lower Hod 2 LH2 4077 3397 3516,5 3832 3900,5
Lower Hod 1 LH1 4181 3631 3432 3556 3870 3967

Cenomanian Top Plenus
Marl

4238

Top Hidra 4248 3660 2915 3263 3467 3580,5 3906 4024
Albian Base Chalk Base

Chalk
2949 4264 3693,5 2943,5 3790 3486 3603,5 3930,5 4041 2852



Chronostratigraphy Correlations
horizons

Short Iris-1 Isak-1 Jette-1 Nora-1 NW-
Adda-1

Otto-1 P-1 Q-1 Ravn-1 Ravn-2

m MD m MD m MD m MD m MD m MD m MD m MD m MD m MD
Danian Top Chalk Top Chalk 2902 2925,5 3076,5 2597 2296 2477 2919,5 3070 3054 3052

Ekofisk 3 Eko3 2907 2932 3097 2606 2312,5 2481 2931,5 3098 3054 3062
Ekofisk 2 Eko 2 2922 2936,5 3117 2616 2329,5 2482,5 2939,5 3108 3072,5 3059
Ekofisk 1 Eko 1 2935,5 2954,5 3135 2355 2482,5 2969,5 3126 3088 3088

Maastrichtian Latest Top Tor Top Tor 2954 2960 3167 2616 2389,5 2488,5 2993 3163 3102,5 3100
Upper Tor 2 UT2 2967 3185 2642 2421 2488,5 3185,5 3130 3125
Upper Tor 1 UT1 2954 2984 3209 2655 2438 2498,5 2993 3210,5 3164 3149

Late Middle Tor 2 MT2 2980 3011 3256,5 2663 2465,5 2507 3007 3242 3184 3161
Middle Tor 1 MT1 2989 3044 3338,5 2678,5 2555,5 3333 3228 3188

Early Lower Tor 3 LT3 3020 3065,5 3406 2719 2583 3400 3244
Lower Tor 2 LT2
Lower Tor 1 LT1

Campanian Late Top Hod Top Hod 3020 3065,5 3406 2719 2465,5 2583 3007 3400 3244 3188
Upper Hod 4 UH4 3415 2583 3474 3250 3261
Upper Hod 3 UH3 3481 2604 3007 3544,6 3314 3318

Early Upper Hod 2 UH2 3020 3532,5 2719 2620,5 3042,5 3600 3364 3360
Upper Hod 1 UH1 3040 3567,5 2740 2660 3073,5 3628,5 3412,5 3392

Santonian Middle Hod 4 MH4 3062 3626,5 2753,5 3661 3448,5 3457
Middle Hod 3 MH3 3079 3689 2772 2465,5 3725,5 3495,5 3498

Coniacian Middle Hod 2 MH2 3089 3065,5 3734,5 2779 2478 2660 3073,5 3757 3561 3533
Middle Hod 1 MH1 3103,5 3083,2 3780,5 2787 2505,5 2682,5 3094,5 3790 3596 3576

Turonian Lower Hod 4 LH4 3115 3137,8 3919 2807,5 2542,5 2722,5 3120 3830 3652 3614
Lower Hod 3 LH3 3133 3187,5 3845 2825 3120 3855 3687 3631,5
Lower Hod 2 LH2 3155 3218,5 3877,5 2858 3137 3890 3716 3657,5
Lower Hod 1 LH1 3173 3908 3155 3915 3744 3692

Cenomanian Top Plenus
Marl

3173

Top Hidra 3175 3925 2858 2542,5 3944,5 3778,5 3712
Albian Base Chalk Base

Chalk
3214,5 3218,5 3942 2899 2555 2722,5 3155 3963 3786 3734



Chronostratigraphy Correlations
horizons

Short Rigs-1 Rigs-2 SA-1 Sine-1 Skjold
Flanke-

1

T-1 T-3 W-1 West
Lulu-1

m MD m MD m MD m MD m MD m MD m MD m MD m MD
Danian Top Chalk Top Chalk 2790 2782 3316 1798 2127 2219,5 2484,5 3088 2875,5

Ekofisk 3 Eko3 2795 2782 3329 1798 2138 2235 2484,5 3102 2903
Ekofisk 2 Eko 2 2804,5 2798 3334 1812 2145,5 2235 2494,5 3123,5 2928
Ekofisk 1 Eko 1 2820 2820 3342 1826 2145,5 2240 2510,5 3145,5 2948,5

Maastrichtian Latest Top Tor Top Tor 2837 2832,5 3360 1857 2174 2260,5 2532 3173,5 2984,5
Upper Tor 2 UT2 2846 2838 3377 1879 2208 2271 2550 3185,5 3006,5
Upper Tor 1 UT1 2855 2849 3413 1907,5 2232,5 2283 2576,5 3219 3023,5

Late Middle Tor 2 MT2 2865 3433 1954 2275 2590,5 3263,5 3064
Middle Tor 1 MT1 3470 2046,5 2351 2630 3302 3151

Early Lower Tor 3 LT3 3480 2133 2391,5 2662 3190
Lower Tor 2 LT2 2204,5 2447
Lower Tor 1 LT1 2321 2494,5

Campanian Late Top Hod Top Hod 2403 2519 2283 2262 3302 3190
Upper Hod 4 UH4 2403 2519 3343,5
Upper Hod 3 UH3 2431 2547 3423

Early Upper Hod 2 UH2 2448 2575 2283 2662 3500
Upper Hod 1 UH1 2465 2597 2325 2686 3544

Santonian Middle Hod 4 MH4 2482 2620 3586 3190
Middle Hod 3 MH3 2523 2620 2325 3278

Coniacian Middle Hod 2 MH2 2553,5 2640,5 2342 2686 3586 3309,5
Middle Hod 1 MH1 2587 2662 2695 3611 3345,5

Turonian Lower Hod 4 LH4 2655,5 2685 2735 3658 3400
Lower Hod 3 LH3 2672,5 2685
Lower Hod 2 LH2 2694 2691,5 3658 3400
Lower Hod 1 LH1 2741 2720 3698,5 3455

Cenomanian Top Plenus
Marl

2743

Top Hidra 2855 2865 3480 2776 2749,5 2342 2735 3726 3477,5
Albian Base Chalk Base

Chalk
2855 2865 3480 2802 2772 2342 2735 3759,5 3500
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Appendix 2: Cross plots of log data

Log displays and cross plots of Vp-�, Vp-Z and �-Z for the chalk in 28 wells:
Baron-2
Bertel-1A
Diamant-1
Elin-1
Elly-1
Elly-2
Falk-1
Gert-1
Gwen-2
I-1
Iris-1
Isak-1
Jette-1
Nora-1
NW Adda-1
Otto-1
P-1
Q-1
Ravn-1
Ravn-2
Rigs-2
SA-1
Sine-1
Skjold Flank-1
T-1
T-3
W. Lulu-1
W-1

Cross plots of Vs-�, Vp/Vs-� and Vp-Vs for the chalk in 4 wells:
Isak-1
Jette-1
NW Adda-1
Sine-1
Skjold Flank-1

pj 2000: Japsen (2000), Scl.+Chr.: Sclater & Christie (1980), MUHS/MLHS Walls: Modified
upper and Lower Hashin-Shtrikman model (Walls et al. 1998).
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Vp plots
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Bertel-1
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Vp-Vs plots
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1. Introduction

By request of Dr. Peter Japsen, GEUS on behalf of the Chalk Background Velocity Project (CBV Project),
GEUS Core Laboratory has carried out conventional core analysis on 32 1.5" plug samples from 8 wells in the
Danish Central Graben area. After conventional core analysis ultrasonic velocity determination was performed
on a subset of 20 samples.

The analytical programme was specified by Dr. Peter Japsen and contained the following services:

� Conventional core analysis: gas permeability, He-porosity, and grain density.

� P and S velocities measured at reservoir overburden pressure on dry samples equilibrated at
controlled humidity. All samples were measured at a hydrostatic confining pressure of 75 bar, and
two samples, one from Gert-1 and one from Cecilie-1B, were also measured at hydrostatic confining
pressures of 125 and 200 bar.

� P and S velocities measured on water saturated plugs at reservoir overburden pressure. All samples
were measured at a hydrostatic confining pressure of 75 bar.

The measurements were conducted in the period from March 8th to June 30th 2004.

Presentations of preliminary results was given for the Chalk Background Velocity Project on 25th May 2004,
9th August 2004, and 29th September 2004.

The Chalk Background Velocity Project is funded by the Syd Arne Group.
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2.  Sampling and analytical procedure

2.1  Sample material

Thirty-two (32) new 1.5" plug samples of chalk were taken at the start of the project. A total of eight wells
Table 2.1.  Basic sample data and conventional core analysis results.

Sample
id.

Well
id.

Depth Formation
or unit

Gas perm
(mD)

Porosity
(%)

Gr. dns.
(g/ml)

Length
(mm)

Diameter
(mm)

Selected
for sonic

meas.
1 Q-1 10125.25 ft Ekofisk 2) 0.003 14.35 2.721 38.43 37.62 +
2 Q-1 10132.50 ft Ekofisk 2) 0.002 8.97 2.724 38.23 37.59 +
3 Q-1 10138.08 ft Ekofisk 2) 0.018 14.43 2.720 38.18 37.70 +
4 Q-1 10147.25 ft Ekofisk 2) 0.009 9.91 2.706 39.41 37.58 +
5 Otto-1 8473.84 ft Tor 2) 0.43 19.06 2.720 40.39 37.61
6 Otto-1 8495.00 ft Hod 2) 0.33 19.23 2.716 38.68 37.59 +
7 Otto-1 8497.00 ft Hod 2) 4.4 21.96 2.717 39.71 37.58
8 Otto-1 8504.00 ft Hod 2) 0.52 20.72 2.720 39.44 37.60 +
9 T-3 8440.33 ft Tor 2) 0.42 19.10 2.718 38.38 37.57 +
10 T-3 8526.75 ft Tor 2) 0.86 24.77 2.717 39.31 37.56 +
11 T-3 8532.08 ft Tor 2) 0.77 24.69 2.717 39.24 37.50
12 T-3 8568.33 ft Tor 2) 1.62 24.24 2.719 31.05 37.58
13 Gert-1 12838.90 ft Hidra 2) 0.009 11.28 2.680 37.68 37.63 +
14 Gert-1 12846.42 ft Hidra 2) 0.003 6.85 2.706 35.79 37.63 +
15 Gert-1 12854.50 ft Hidra 2) 0.005 3.92 2.699 39.67 37.62
16 Gert-1 12858.58 ft Hidra 2) 0.005 3.70 2.698 35.80 37.59 +
17 West Lulu-1 11159.51 ft Hod 2) 0.002 6.32 2.726 35.91 37.64 +
18 West Lulu-1 11187.33 ft Hod 2) 0.003 6.68 2.724 38.49 37.59
19 West Lulu-1 11213.33 ft Hod 2) 0.004 8.01 2.723 37.94 37.63 +
20 West Lulu-1 11246.42 ft Hod 2) 0.003 7.11 2.724 41.14 37.64
21 Baron-2 2855.55 m Ekofisk 2) 0.17 26.90 2.706 40.56 37.50 +
22 Baron-2 2858.55 m Ekofisk 2) 0.057 24.69 2.708 39.30 37.56 +
23 Baron-2 2860.48 m Ekofisk 2) 0.047 16.68 2.698 38.20 37.62 +
24 Baron-2 2867.03 m Ekofisk 2) 0.070 21.87 2.704 35.53 37.55 +
25 I-1 9504.00 ft Sola 1) 0.056 24.80 2.701 33.01 37.58
26 I-1 9508.50 ft Tuxen 1) 0.075 26.73 2.696 39.42 37.57 +
27 I-1 9523.90 ft Tuxen 1) 0.016 17.43 2.735 30.10 37.51
28 I-1 9538.50 ft Tuxen 1) 0.019 16.95 2.716 21.75 37.55
29 Cecilie-1B 2393.81 m Våle 2) - 3) 12.29 2.712 26.72 37.60
30 Cecilie-1B 2402.61 m Ekofisk 2) 0.011 14.90 2.709 34.18 37.60
31 Cecilie-1B 2407.50 m Ekofisk 2) 0.41 22.36 2.710 36.58 37.57 +
32 Cecilie-1B 2420.76 m Ekofisk 2) 0.002 7.21 2.705 38.49 37.62 +

1) From Nielsen & Japsen (1991).
2) From Jakobsen (2004).
3) Measurement not possible – plug damaged.
EUS Core Laboratory
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were sampled with four plugs from each well. Table 2.1 presents the sample numbers, wells, and sample
depths.

2.2  Sample preparation before ultrasonic measurements and conventional core analysis

The samples were cleaned in Soxhlet extractors by refluxing in turn with methanol and toluene. Then the plugs
were trimmed to a length of approximately 1.5” and dried at 60 oC. They were stored in a desiccator until
conventional core analysis.

All the samples underwent conventional core analysis with measurement of gas permeability, He-porosity, and
grain density. Results are given in Table 2.1. Refer to Chapter 4 for a description of the conventional core
analysis methods.

A subset of 20 plug samples was selected from the initial set of 32 plugs. The selected samples are indicated in

Table 2.2.  Water saturation of samples at time of ultrasonic measurement in humidity dried state.

Sample

Weight
at He-por
determ.

Bulk vol.
at He-por
determ.

Helium
porosity

Pore vol.
at He-por
determ.

Weight at
sonic meas.
in humidity

dry state

Weight
increase

in humidity
dry state

Sw at
sonic meas.
in humidity

dry state
id. (g) (ml) (%) (ml) (g) (g) (%)

1 99.77 42.81 14.35 6.14 100.17 0.40 6.5
2 105.61 42.60 8.97 3.82 106.13 0.52 13.6
3 98.81 42.71 14.43 6.16 99.12 0.31 5.0
4 107.41 44.04 9.91 4.36 107.60 0.19 4.4
6 94.68 43.15 19.23 8.30 94.74 0.06 0.7
8 94.72 43.91 20.72 9.10 94.77 0.05 0.6
9 93.99 42.74 19.10 8.16 94.05 0.06 0.7

10 89.40 43.73 24.77 10.83 89.44 0.04 0.4
13 99.67 41.90 11.28 4.73 99.84 0.17 3.6
14 100.66 39.94 6.85 2.74 100.96 0.30 11.2
16 102.25 39.83 4.86 1.94 102.61 0.36 18.6
17 102.16 40.00 6.32 2.53 102.31 0.15 5.9
19 105.99 42.30 8.01 3.39 106.18 0.19 5.6
21 88.63 44.80 26.90 12.05 88.82 0.19 1.6
22 89.17 43.72 24.69 10.79 89.43 0.26 2.4
23 95.84 42.64 16.68 7.11 96.08 0.24 3.4
24 83.43 39.49 21.87 8.64 83.71 0.28 3.2
26 86.49 43.77 26.73 11.70 86.73 0.24 2.1
31 85.63 40.69 22.36 9.10 85.57 -0.06 -0.7
32 107.83 42.96 7.21 3.10 108.27 0.44 14.2

Rigs213 60.31 27.91 20.43 5.70 60.32 0.01 0.2
Rigs220 57.47 31.11 31.66 9.85 n.a. n.a. n.a.

n.a. = Not analyzed
Weight, porosity, and bulk volume of sample Rigs1-213 from Høier (2002) Table 2.2
Weight, porosity, and bulk volume of sample Rigs1-220 from Høier (2000) Tables 2.1 and 2.2
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the last column of Table 2.1. Further work was restricted to this subset of 20 plugs. Two samples from well
Rigs-1 identified as Rigs213 and Rigs220 also measured by Høier (2000, 2002) were included for quality
control purposes.

2.3  Ultrasonic measurements of humidity dried samples

After conventional core analysis the samples were placed in a humidity-controlled oven at 60 �C and 40 %
relative humidity until weight measurements showed that an equilibrium state was established. Table 2.2
presents the equilibrium weights and the water saturations calculated from these weights. The uncertainty, �S,
of the water saturation values is dependent i.a. on the porosity of the sample. An empirical estimate is given as

�S ~ 15 / � Eq. 2-1

where � and � are in percent units (p.u.).

The water saturation values show a considerable scatter, ranging from zero to 19 %. The highest water
saturation values tend to occur with the low porosity samples.

The humidity dried samples were mounted in a modified AutoLab 500 Ultrasonic core holder (New England
Research) and the ultrasonic transit times were measured with a Tektronix Model TDS3012 2-channel digital
phosphor oscilloscope connected to a PAR spike-generator. The ultrasonic transducers have centre frequencies
at 700 kHz.

P- and S-waves were measured on the humidity-dried plugs at 75 bar hydrostatic confining pressure. Confining
pressure was controlled with a Quizix SP-5400 high-pressure pump system. The confining pressure was
initially increased to 20 bar in 5 minutes to secure a good seal of the confining rubber sleeve. Pressure was
subsequently increased from 20 to 75 bar in 30 minutes, and the sample allowed to equilibrate at 75 bar for 30
minutes before measurement of the ultrasonic P- and S-signals. The ultrasonic data were saved digitally for
later analysis. When unloading the core holder, the confining pressure was decreased continually from 75 to 0
bar during a time period of 30 minutes. A time schedule for the analysis is given in Table 2.3.

Table 2.3.  Time schedule for  ultrasonic
measurements at hydrostatic confining pressure 75
bar on samples in humidity dried state.

Step
Cumulate

time
no. Description hh:mm

1 Mount sample in core holder 00:15
2 Increase pressure to 10 bar in 5 min 00:20
3 Increase pressure to 75 bar in 30 min 00:50
4 Equilibration at 75 bar for 30 minutes 01:20
5 Measure ultrasonic velocity at 75 bar 01:35
6 Decrease pressure to 0 bar in 20 min 01:55
7 Dismount sample 02:10
Table 2.4.  Time schedule for  ultrasonic
measurements on samples 13 and 31: Measurement
at three pressure steps, 75 bar, 125 bar, and 200 bar.

Step
Cumulate

time
no. Description hh:mm

1 Mount sample in core holder 00:15
2 Increase pressure to 10 bar in 5 min 00:20
3 Increase pressure to 75 bar in 30 min 00:50
4 Equilibration at 75 bar for 30 minutes 01:20
5 Measure ultrasonic velocity at 75 bar 01:35
6 Increase pressure to 125 bar in 30 minutes 02:05
7 Equilibration at 125 bar for 30 minutes 02:35
8 Measure ultrasonic velocity at 125 bar 02:50
9 Increase pressure to 200 bar in 30 minutes 03:20

10 Equilibration at 200 bar for 30 minutes 03:50
11 Measure ultrasonic velocity at 200 bar 04:05
12 Decrease pressure to 0 bar in 20 min 04:25
13 Dismount sample 04:40
Core Laboratory
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Two of the samples, with identifications 13 and 31, were measured with an extended analytical programme that
included ultrasonic measurements at the confining pressure steps 75, 125, and 200 bar (Table 2.4).

Ultrasonic repeat measurements were performed on a total of 9 samples.

Calibration of the ultrasonic measurements is described in Section 2.7, precision and reproducibility are
described in Section 2.9, while the technique for analysing the ultrasonic signals are described in Sections 4.4
and 4.5.

2.4  Ultrasonic measurements of water saturated samples

After ultrasonic measurement in humidity dried state, the samples were cleaned briefly in a Soxhlet with
methanol, and were dried at 60 �C.

Table 2.5.  Water saturation of samples at time of ultrasonic measurement in SW = 100 % state.

Sample
id.

Weight
at He-por
determ.

Bulk vol.
at He-por
determ.

Helium
porosity

Pore vol.
at He-por
determ.

Weight at
sonic meas.
in SW=100%

state

Weight
increase

in SW=100%
state

Sw at
sonic meas.
in SW=100%

state

Water vol.
minus PV in
SW=100%

state
(g) (ml) (%) (ml) (g) (g) (%) (ml)

1 99.77 42.81 14.35 6.14 105.95 6.18 100.8 -0.05
2 105.61 42.60 8.97 3.82 109.64 4.03 105.7 -0.22
3 98.81 42.71 14.43 6.16 104.81 6.00 97.5 0.15
4 107.41 44.04 9.91 4.36 111.57 4.16 95.5 0.20
6 94.68 43.15 19.23 8.30 102.76 8.08 97.6 0.20
8 94.72 43.91 20.72 9.10 103.57 8.85 97.5 0.23
9 93.99 42.74 19.10 8.16 101.89 7.90 97.0 0.25

10 89.40 43.73 24.77 10.83 99.94 10.54 97.5 0.27
13 99.67 41.90 11.28 4.73 104.21 4.54 96.3 0.18
14 100.66 39.94 6.85 2.74 103.26 2.61 95.4 0.13
16 102.25 39.83 4.86 1.94 104.22 1.97 102.0 -0.04
17 102.16 40.00 6.32 2.53 104.42 2.26 89.6 0.26
19 105.99 42.30 8.01 3.39 109.15 3.16 93.5 0.22
21 88.63 44.80 26.90 12.05 100.48 11.85 98.5 0.18
22 89.17 43.72 24.69 10.79 99.86 10.69 99.2 0.08
23 95.84 42.64 16.68 7.11 102.77 6.93 97.6 0.17
24 83.43 39.49 21.87 8.64 91.80 8.37 97.1 0.25
26 86.49 43.77 26.73 11.70 98.12 11.63 99.6 0.05
31 85.63 40.69 22.36 9.10 94.76 9.13 100.5 -0.05
32 107.83 42.96 7.21 3.10 110.74 2.91 94.1 0.18

Rigs213 60.31 27.91 20.43 5.70 65.82 5.51 96.8 0.18
Rigs220 57.47 31.11 31.66 9.85 67.17 9.70 98.7 0.13

n.a. = Not analyzed
Weight, porosity, and bulk volume of sample Rigs1-213 from Høier (2002) Table 2.2
Weight, porosity, and bulk volume of sample Rigs1-220 from Høier (2000) Tables 2.1 and 2.2
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The samples were saturated with water by a
vacuum/pressure saturation procedure, which
included vacuum saturation for one day followed by
pressure saturation at 100 bar for 2 days. The samples
were weighed before and after the saturation
procedure and Table 2.5 presents the calculated water
saturations. The calculated deviation from a fully
saturated state, i.e. SW=100 %, may be given as the
difference between the calculated water volume and
the calculated pore volume of the sample. This value
is given as the column Water vol. minus PV in
SW=100% state of Table 2.5. The mean value is 0.17
ml with a maximum of 0.27 ml. These values seems
to be a reasonable representation of the combined
uncertainties of the He-porosity, bulk volume, wet
weight, and dry weight determinations. It is
concluded that within the uncertainty the samples
were fully saturated with water.

The water used for saturation of the samples was tap wate

The procedure for ultrasonic measurement of the samples
measurements in humidity dried state  (Table 2.3) except 
pressure of 20 bar. A time schedule for the analysis is give

Fig. 2.1.  Porosity reduction vs. porosity. Model 1 is as 
of 0.5 % of the pore volume for samples where the wate
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Table 2.6.  Time schedule for  ultrasonic
measurements at hydrostatic confining pressure 75
bar on samples in water saturated state SW=100%.

Step
Cumulate

time
no. Description hh:mm

1 Mount sample in core holder 00:15
2 Increase pressure to 20 bar in 5 min 00:20
3 Equilibration at 20 bar for 60 minutes 01:20
4 Increase pressure to 75 bar in 30 min 01:50
5 Equilibration at 75 bar for 30 minutes 02:20
6 Measure ultrasonic velocity at 75 bar 02:35
7 Decrease pressure to 0 bar in 20 min 02:55
8 Dismount sample 03:10
Core Laboratory
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2.5  Pore volume reduction and length reduction

During measurement of samples in water saturated state, the outlet from the ultrasonic core holder was
connected with a Mettler balance and the production of water was continuously logged. From the water
production data two models for the pore volume reduction were established.

Model 1 assumes that the amount of produced water, Ww corresponds to the pore volume reduction, �PV

�PV = WW / �w Eq. 2-2

where �W is the water density. Model 1 is presented in Fig. 2.1 and it is evident that most of the low porosity
samples show aberrant high porosity reduction values. Plotting the water production versus time reveals that for
a number of samples the water production had not ceased when the ultrasonic measurement was conducted.
Clearly, the water production had not reached equilibrium. On mounting a sample in the  ultrasonic core holder
an amount of water is inevitably trapped between the sample and the end fittings and sleeve. For samples with
reasonable permeability this water escapes during the 60 minutes equilibration at 20 bar (Table 2.6), but for
samples with very low permeability the production of this water continued during the whole measurement and
spoiled the porosity reduction determination.

Model 2 then assumes the same expression as Model 1 for the samples that had reached equilibrium at the time
of ultrasonic measurement (Eq. 2-2) but for the disequilibrium samples assumes

�PV = PV * 0.005 Eq. 2-3
Table 2.7.  Calculated porosity reduction and length reduction at a confining pressure of 75 bar

Sample
id.

State of fluid
production

Gas
perm.

Measured
porosity

Porosity
reduction

Reduced
porosity

Measured
length

Length
reduction

Reduced
length

(mD) (%) (%) (%) (mm) (mm) (mm)

1 No equilibrium 0.003 14.35 0.07 14.28 38.38 0.01 38.37
2 No equilibrium 0.002 8.97 0.04 8.93 38.34 0.01 38.33
3 No equilibrium 0.018 14.43 0.07 14.36 38.34 0.01 38.33
4 Equilib. OK 0.009 9.91 0.05 9.86 39.41 0.01 39.40
6 Equilib. OK 0.33 19.23 0.08 19.15 38.63 0.01 38.62
8 Equilib. OK 0.52 20.72 0.08 20.64 39.39 0.01 39.38
9 Equilib. OK 0.42 19.10 0.11 18.99 38.40 0.01 38.39
10 Equilib. OK 0.86 24.77 0.12 24.65 39.40 0.02 39.38
13 No equilibrium 0.009 11.28 0.06 11.22 37.62 0.01 37.61
14 No equilibrium 0.003 6.85 0.03 6.82 35.86 0.00 35.86
16 No equilibrium 0.005 3.70 0.02 3.68 35.72 0.00 35.72
17 No equilibrium 0.002 6.32 0.03 6.29 35.76 0.00 35.76
19 No equilibrium 0.004 8.01 0.04 7.97 37.90 0.01 37.89
21 Equilib. OK 0.17 26.90 0.12 26.78 40.55 0.02 40.53
22 Equilib. OK 0.06 24.69 0.17 24.52 39.33 0.02 39.31
23 Equilib. OK 0.05 16.68 0.09 16.59 38.22 0.01 38.21
24 Equilib. OK 0.07 21.87 0.11 21.76 35.63 0.01 35.62
26 Equilib. OK 0.08 26.73 0.24 26.49 39.42 0.03 39.39
31 Equilib. OK 0.41 22.36 0.17 22.19 36.64 0.02 36.62
32 No equilibrium 0.002 7.21 0.04 7.17 38.49 0.00 38.49

Rigs213 Equilib. OK 0.3 20.43 0.09 20.34 24.76 0.01 24.75
Rigs220 Equilib. OK 1.25 31.66 0.15 31.51 27.88 0.01 27.87
EUS Core Laboratory
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i.e. the pore volume reduction is calculated as a fixed percentage , 0.5 %, of the pore volume. Model 2
completely removed the aberrant porosity reduction values of Model 1, cf. Fig. 2.1, and is thus adopted in this
work.. Table 2.7 reports the equilibrium state judged from the Mettler log, the  measured He-porosity values
and the calculated reduced porosity values.

The length of a sample is important for the calculation of the ultrasonic velocity. A model for calculation of the
reduction in sample length, �L, is applied that assumes isotropic contraction of the pore volume without any
change to the grain volume:

� �3 11 ������ LL Eq. 2-4

where L is the length of the sample and �� is the porosity reduction. Table 2.7 reports lengths measured
without confining pressure at the time of humidity equilibration, and the reduced lengths according to Eq. 2-4.
The reduced lengths of Table 2.7 are used for all ultrasonic velocity calculations.

2.6  Procedure for the ultrasonic measurements

A plug sample was mounted in an ultrasonic core holder with an ultrasonic transmitter at one end and an
ultrasonic receiver at the other end. A rubber sleeve was mounted around the cylinder surface to isolate the
plug sample from the hydrostatic pressure medium. The ultrasonic equipment is described in more detail in
Chapter 4 Analytical methods. Contact paste was not used. Hydrostatic pressure was applied to the sample with
a Quizix SP-5400 high-pressure pump system. Except for the initial pressure build-up, which must take place
fairly rapidly to ensure a good seal of the rubber sleeve, all pressure changes were applied with the pressure
ramping facility of the Quizix pump system, which provides a linear evolution of pressure vs. time. Time
schedules for the pressurisation are given in Tables 2.3, 2.4, and 2.6.

If a water saturated sample was going to be measured, the outlet of the core holder was connected to a cuvette
placed on a Mettler balance and  data logging of the balance was started. This allowed quantification of the
fluid production during sample pressurization and ultrasonic measurement and thus enabled determination of
the pore volume reduction, and sample length reduction.

The temperature in the laboratory during the ultrasonic measurements was 23 � 2 �C.

The P- and S-wave data were saved digitally in csv-format for later analysis. Screen-dumps from the
oscilloscope were saved in tif-format. Cf. Chapter 6 for data documentation.

A number of repeat measurements were performed. These measurements are indicated in Tables A.1 to A.6
with a "_ch" attached to the sample identification. At repeat measurements care was taken to assure that the S1
and S2 directions were the same as in the original measurements. S1 and S2 velocity determinations are thus
comparable.

2.7  Calibration of ultrasonic measurements

The AutoLab 500 Ultrasonic core holder has an inherent system delay, mainly due to the time required for the
ultrasonic signal to travel through the ultrasonic transmitter and receiver units. It is determined by calculating a
4-point linear regression on 4 calibration standards of different lengths and constant ultrasonic velocity. Three
of the calibration standards (Alu1, Alu2, and Alu3) are aluminium plug samples of known length; the fourth
calibration standard is a configuration where the ultrasonic transducers are mounted head-to-head, i.e. with a
sample length of zero. A total of four calibrations were performed during the present work. The system delays
are listed in Table 2.8 and the  correlation coefficients for the associated linear regressions are listed in Table
2.9. Cf. Chapter 6 for documentation of the full ultrasonic calibration.
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2.8  Analysis of the ultrasonic signal

Analysis of the ultrasonic signal was done by the program firstarrival made by Ødegaard A/S that determines
the arrival of the ultrasonic wave train from a table of amplitude versus time in a csv-file. Refer to Chapter 4
Analytical methods for a thorough description.

2.9  Precision and reproducibility of ultrasonic data

The precision of the ultrasonic results may be assessed from 1) precision evaluation of the actual analytical data
for each sample and 2) measurements on secondary standard Alu6061. The reproducibility of the ultrasonic
results may be assessed from 3) repeat measurements of two samples, Rigs213 and Rigs220, that were
measured in an earlier study, and 4) repeat measurements within the present study.

1.  Precision evaluation of the actual analytical data for each sample

The precision of the ultrasonic measurements may be assessed from the precision parameters reported by the
program firstarrival and an estimate of the uncertainty of the plug length determination. Precision estimates for
all measurements are presented in Tables A.1 to A.6 of Appendix 1. The uncertainty of the plug length is
estimated to be 0.1 mm for all samples and this leads to the error given in the column “Error on velocity from
length”. The firstarrival parameter "Global uncertainty", i.e. the precision of picking the right signal is listed in
column “Global uncertainty”. The risk of picking a wrong signal for the ultrasonic velocity calculation
increases with the value of this parameter. When the parameter "Global uncertainty" exceeds approximately 0.5
a significant risk of picking a wrong signal is probably present. For most of the picks with high "Global
uncertainty" values the firstarrival program was guided by the forced pick procedure, cf. Section 4.5 "The
arrival picker program". The firstarrival parameter "Local uncertainty", i.e. the error due to signal noise is
listed in column “Error on velocity from noise”. The column “Total error” is the sum of the errors “Error on
velocity from length” and “Error on velocity from noise”.

The mean total error for all the 166 measurements of P, S1 and S2 ultrasonic velocities is 0.34 %, cf. Tables
A.1 to A.6. Errors of this size mainly reflect the uncertainty of the plug length measurements. Only two errors
exceeds 1.0 %, namely an error of 1.4 % for the measurements of S1 on sample 17 in the water saturated state,
and an error of 1.1 % for the measurement of S2 on sample 32 also in the water saturated state.

The errors listed in Tables A.1 to A.6 do not include possible systematic errors or calibration inaccuracies and
shall thus only be regarded as minimum errors.
Table 2.8  System delay at confining pressure
75 bar.

Calibration id. P signal S1 signal S2 signal
(us) (us) (us)

Calib. mar-04 12.7024 23.6636 24.2939
Calib. apr-04 12.7268 23.7072 24.3240
Calib. may-04 12.7319 23.7151 24.3447
Calib jun-04 12.7205 23.6536 24.3153
EUS
Table 2.9  Correlation coefficient R2 for system
delay regressions at confining pressure 75 bar.

Calibration id. P signal S1 signal S2 signal

Calib. mar-04 0.9989 0.9998 0.9998
Calib. apr-04 0.9991 0.9998 0.9998
Calib may-04 0.9994 0.9997 0.9997
Calib jun-04 0.9990 0.9998 0.9998
Core Laboratory
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2.  Measurements on standard Alu6061

Standard Alu6061 is a secondary standard of aluminium provided by New England Research.. It was measured
three times during the work. The results are listed in Table 2.10 together with the nominal sonic velocities for
the standard. The results indicate a mean error of 0.82 % for P measurements, and a mean error of 0.13 % for
S1 and S2 measurements. 

3.  Reproducibility of measurements on Rigs-1 samples

To check the reproducibility of the ultrasonic measurements two samples that have previously been measured
during the Rock Physics Project (RPP project, Høier, 2000; Høier, 2002) financed by the EFP-98 research
programme were included in the test programme. The new and the old measurements are compared in Table
2.11. The S1 and S2 directions of the samples in the RPP measurements are not known, therefore, to be
comparable the S1 and S2 velocities are averaged.

Table 2.10  Measurements on standard Alu6061.

Calibration id.
Ultrasonic
P velocity

Deviation
from nominal

P velocity
Ultrasonic
S1 velocity

Deviation
from nominal

S velocity
Ultrasonic
S2 velocity

Deviation
from nominal

S velocity
(m/s) (%) (m/s) (%) (m/s) (%)

Nominal value 6396.0 3125.0 3125.0
Calib. mar-04 6417.7 0.34 3129.4 0.14 3124.0 -0.03
Calib. apr-04 6499.6 1.62 3121.4 -0.12 3121.7 -0.11
Calib. may-04 6428.6 0.51 3117.9 -0.23 3121.1 -0.12
Calib. jun-04 n.a. n.a. n.a. n.a. n.a. n.a.

n.a. = Not analyzed

Table  2.11.  Comparison of ultrasonic measurements on samples Rigs213 and Rigs220 from the Rock
Physics Project (RRP) and from the present work..

Sample id. Saturation
state

Ultrasonic
P velocity,

RPP
project
(m/s)

Ultrasonic
P velocity,
this project

(m/s)

Deviation

(%)

Ultrasonic
S velocity,

RPP
project
(m/s)

Ultrasonic
S velocity,
this project

(m/s)

Deviation

 (%)

Rigs213 1) Air
saturated

4296 3) 4311.90 0.4 2597 3) 2570.33 -1.0

Rigs213 1) Water
saturated

4437 4) 4412.52 -0.6 2486 4) 2481.35 -0.2

Rigs220 2) Water
saturated

3335 5) 3344.61 0.3 1825 5) 1837.29 0.7

Note 1: In Høier (2002) this sample is identified as sample 213 from well Rigs-1.
Note 2: In Høier (2000) this sample is identified as sample 220 from well Rigs-1.
Note 3: From Høier (2002) Table 5.1.
Note 4: From Høier (2002) Table 5.2.
Note 5: From Høier (2002) Table 5.4.
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Table 2.12.  Mean deviation of repeat measurements within the present project. The number
of samples for each mean is given in parenthesis.

Mean deviation of
P measurements

Mean deviation of
S1 measurements

Mean deviation of
S2 measurements

Humidity dried samples 1.1 %  (N=9) 1.7 %  (N=5) 1.6 %  (N=5)

Water saturated samples 0.4 %  (N=6) 0.6 %  (N=3) 0.6 %  (N=4)
EUS Core Laboratory

he conditions of the ultrasonic measurements in Høier (2000, 2002) and the present project were similar, but
ot identical. All measurements were performed with a hydrostatic confining pressure of 75 bar. Høier (2002)
sed the program firstarrival to pick the arrival of the ultrasonic signals same as the present project. Høier
2002) also recalculated the data from Høier (2000) with firstarrival to make them more comparable to the later
ata. In Table 2.11 the recalculated values of Høier (2002) have been used for sample Rigs220.

øier (2002) dried sample Rigs213 at 110 �C and then allowed it to equilibrate at room condition in the
aboratory for 2 weeks. During ultrasonic measurement a water saturation of 1 % was calculated (Table 2.2. of
øier, 2002). The ultrasonic results are referred in Table 2.11 under the heading "Air saturated". The

omparable measurement in the present project refers to the same sample dried at 60 �C and then equilibrated
t the same temperature and a controlled humidity of 40 % relative humidity. During ultrasonic measurement a
ater saturation of 0.2 % was calculated, cf. Table 2.2.

he conditions for the water saturated samples during ultrasonic measurement were very similar. They were
aturated with formation water prepared by the same procedure, and saturated by the same combined vacuum
nd pressure saturation procedure, cf. Section 2.4. For sample Rigs213 Høier (2002) reports a water saturation
f 98 %, while this study reports a water saturation of 96.8 % (cf. Table 2.5). For sample Rigs220 Høier (2000)
eports a water saturation of 100.1 %, while this study reports a water saturation of 98.7 % (cf. Table 2.5). The
aturation states of the samples are thus very comparable.

able 2.11 indicates a mean reproducibility of 0.4 % for the P velocities and 0.6 % for the S velocities. This is
onsidered very satisfactory as the numbers include any velocity variations relating to changes caused by
ample handling, cleaning etc. during the time interval from the measurements of Høier (2000, 2002) and the
easurements of the present project.

.  Reproducibility of measurements within the present work

 total of 9 repeat measurements were performed on humidity dried samples, and a total of 6 repeat
easurements were performed on water saturated samples. Table 2.12 summarises the results. The water

aturated measurements is seen to have excellent reproducibility, while the humidity-dried measurements have
uch inferior reproducibility. This probably reflects the difficulty with controlling the saturation state of some

f the humidity-dried samples.

he mean reproducibility for P determinations is generally 30 % better than for S determinations. This applies
o both humidity dried samples and water saturated samples.

ummary of precision and reproducibility

recision and reproducibility the ultrasonic velocity determinations are considered to be better than 1 %, except
or some samples in humidity equilibrated state where precision and reproducibility may deteriorate to 2 %.
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3. Flow chart of the analytical procedure
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4. Analytical methods

The following is a short description of the methods used by GEUS Core Laboratory. For a more detailed
description of methods, instrumentation and principles of calculation the reader is referred to API
recommended practice for core analysis procedure (API RP 40, 1998).

4.1  Gas permeability

The plug is mounted in a Hassler core holder, and a confining pressure of 400 psi applied to the sleeve. The
specific permeability to gas is measured by flowing nitrogen gas through a plug of known dimensions at
differential pressures between 0 and 1 bar. No back pressure is applied. The readings of the digital gas
permeameter are checked regularly by routine measurement of permeable steel reference plugs.

4.2  He-porosity and grain density

The porosity is measured on cleaned and dried samples. The porosity is determined by subtraction of the
measured grain volume and the measured bulk volume. The Helium technique, employing Boyle's Law, is used
for grain volume determination, applying a double chambered Helium porosimeter with digital readout,
whereas bulk volume is measured by submersion of the plug in a mercury bath using Archimedes principle.
Grain density is calculated from the grain volume measurement and the weight of the cleaned and dried sample.

4.3  Precision of conventional core analysis data

Table 4.1 gives the precision (= reproducibility) at the 68% level of confidence (+/- 1 standard deviation) for
routine core analysis measurements performed at GEUS Core Laboratory.

4

T
d
A
n

Table 4.1.  Precision of conventional core analysis data.

Measurement Range, mD Precision

Grain density 0.003 g/cc

Porosity 0.1 porosity-%

Gas Permeability 0.001-0.01 25%
EUS Core Laboratory

.4  Ultrasonic measurements

he transit time of P- and S-waves in a plug sample is measured by a Tektronix Model TDS3012 two-channel
igital phosphor oscilloscope, connected to a spike-generator (PAR Scientific Instruments) and a modified
utoLab 500 Ultrasonic core holder from New England Research. The P- and S-wave transducers have
ominal centre frequencies at 700 kHz. 

0.01-0.1
> 0.1

15%
4%
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The ultrasonic velocity, V, is calculated from the following equation.

delaytransit tt
LV
�

�    ......................................................................................................................    Eq. 4-1

where L is the sample length, ttransit is the measured total travel time, and tdelay is the system delay. The system
delay is an inherent system property representing the time taken for the ultrasonic signal to travel through the
transducers plus any delays caused by the electronics. One way to determine the system delay is by measuring
the transit time of the system without any plugs. A more precise determination is obtained by measuring the
transit time for a series of plugs with uniform velocity and known length. The system delay is then determined
as the transit time at length zero as calculated by a linear regression. This principle is illustrated in Fig. 4.1.
Depending on the task, GEUS uses either a series of three aluminium plugs of lengths 15, 25 and 36 mm or a
series of three acrylic plugs of lengths 20, 35 and 50 mm for calibration. In addition a fourth data point is
obtained for both series by including a measurement where the ultrasonic transducers are mounted head-on-
head, equivalent to a plug of length zero.

The system is tested against a reference plug made from aluminium, Alu6061, with known P and S velocities,
supplied by New England Research.

4.5  The arrival picker program

Whenever possible a program named firstarrival is used for determining the transit time of the ultrasonic
signals. The program was developed by Ødegaard A/S. Compared to manual picking of the transit time the use
of a computer program eliminates the subjectivity of manual picking, and objective information about precision
becomes available. The input to the program consists of 1) a comma-separated file (csv-file) listing time and
signal amplitude, 2) a search interval specifying the time interval to be searched, and 3) a parameter specifying
whether a positive or a negative deflection from zero shall be picked.

firstarrival identifies the first amplitude extremum of the ultrasonic signal and determines the transit time, the
amplitude and two uncertainty parameters, a global uncertainty and a local uncertainty, for the arrival event.

Fig. 4.1  Determination of the system delay from a regression on 4 data points.
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The first amplitude extremum is used as the arrival event rather than the first deviation from the baseline
because this causes the algorithm to be much more robust in case of noisy data. The difference between the two
methods is negligible, because the same procedure is used for both calibration and sample measurements and
because the width of signal peaks are nearly constant (being governed by the 700 kHz centre frequency).

On some occasions when the ultrasonic signal is very noisy the firstarrival program may pick a wrong signal
peak and thus result in a wrong transit time. Or the program may fail to detect a signal peak at all. Therefore,
the transit time determinations of the firstarrival program are always checked manually. In case they are
deemed wrong it is first attempted to force firstarrival to pick the correct extremum by reducing the search
interval – a procedure termed forced picking. If this procedure fails manual picking of the transit time is
performed  - a procedure termed manual picking. In case of forced picking objective information about
precision is still available. In case of manual picking objective information about precision is not available.

The output from the firstarrival program consists of 1) a pick of the extremum identified as the arrival of the
ultrasonic signal, 2) a global uncertainty parameter, 3) a local uncertainty parameter, and 4) an amplitude at the
pick.

Picking the arrival of the ultrasonic signal

firstarrival looks for an event consisting of two consecutive local extrema with amplitudes of opposite sign.
The search can be limited to a given time interval and to a given polarity, i.e. the sign of the first extremum. In
a typical ultrasonic signal the desired event will give the maximum output in the following non-linear object
function:

udeHeadAmplit
udeemumAmplitSecondExtrdemumAmplituFirstExtre *2�

Eq. 4-2

Where the HeadAmplitude denotes the maximum absolute amplitude of the signal in an interval ending just
before the onset of the half period containing the first extremum. The length of the interval has been set to 5
mean periods, i.e. 5 divided by the mean frequency. The precise time of the first extremum is found using
Newton-Raphson local optimisation starting from the solution determined previously and using sinc
interpolation between the samples. 

The global uncertainty:

To describe how easy it is to identify the desired event, the global uncertainty is defined as the ratio of the
object function for the second largest value and the largest value. The global uncertainty takes values between 0
and 1, where 0 represents a very easy case and 1 means that two or more picks were equally good, in fact
equally bad.

The local uncertainty  (Error-band):

To describe how much the picked time could be wrong due to additive noise moving the chosen extremum of
the observable signal, the local uncertainty is computed. The chosen HeadAmplitude is used as a noise estimate
in that computation.

Amplitude at pick

The amplitude of the Newton-Raphson optimisation at the picked time is reported as the amplitude at the pick.
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5. Results of the ultrasonic measurements 

The results of the ultrasonic measurements are presented in the following tables and figures:

Table 5.1: Ultrasonic results of 21 samples (incl. Rigs213) dried at humidity controlled conditions (60 �C,
40 % relative humidity) and measured with a confining pressure of 75 bar.

Table 5.2: Ultrasonic results of 22 samples (incl. Rigs213 and Rigs220) fully saturated with water
(SW=100 %) and measured with a confining pressure of 75 bar.

Table 5.3: Ultrasonic results of two samples (nos. 13 and 31) dried at humidity controlled conditions (60
�C, 40 % relative humidity) and measured in turn at confining pressures of 75, 125, and 200
bar.

Values reported in Tables 5.1 to 5.3 as "Mean S velocity" are the mean of S1 and S2 measurements. Basic data
for the underlying P, S1 and S2 measurements are given in Tables A.1 to A.6.

In the following figures samples in the humidity-dried state are referred to as Gas saturated samples. The
ultrasonic velocity have been plotted as follows:

Fig. 5.1 VS vs. VP for samples in the gas saturated and water saturated state.
Fig. 5.2. VP vs. porosity for samples in the gas saturated and water saturated state.
Fig. 5.3. VS vs. porosity for samples in the gas saturated and water saturated state.
Fig. 5.4. VP in water saturated state vs. VP in gas saturated state.
Fig. 5.5. VS in water saturated state vs. VS in gas saturated state.
Fig. 5.6. Ratio VP/VS for samples in the gas saturated and water saturated state.
Fig. 5.7. VP and VS vs. confining pressure for sample nos. 13.
Fig. 5.8. VP and VS vs. confining pressure for sample nos. 31.
Fig. 5.9 VS vs. VP for sample 13.
Fig. 5.10. VS vs. VP for sample 31.

In Figs. 5.1 to 5.6 the ultrasonic results are compared with the modified upper Hashin-Shtrikman (‘MUHS’)
model presented by Walls et al. (1998). This model describes how the dry bulk and shear moduli, K and G
increase as porosity is reduced from a maximum value, �max, to zero porosity. Here the model is presented with
the high-porosity parameters of Japsen et al. (2004) combined with the low-porosity parameters of Walls et al.
(1998): 

Ks = 65 GPa, Gs = 27 GPa for � = 0%
K�max = 1.5 GPa, G�max = 2.5 GPa for �max= 45%

where the low-porosity end-members, Ks and Gs, are moduli of the solid at zero porosity. The prediction of the
MUHS model for the dry rock properties are used as input to Gassmann’s equations for calculating the
properties of fully water saturated chalk samples.
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Table 5.1.  Results of ultrasonic measurements – humidity dried samples 60 �C, 40 % relative humidity.

Sample
id.

Well
id.

Gas
perm
(mD)

Porosity
(%)

Reduced
porosity

(%)

Grain
density
(g/ml)

P
velocity

(m/s)

S1
velocity

(m/s)

S2
velocity

(m/s)

Mean S
velocity

(m/s)
P / S
Ratio

1 Q-1 0.003 14.35 14.28 2.721 3947.90 2470.08 2463.11 2466.60 1.601
2 Q-1 0.002 8.97 8.93 2.724 3809.06 2487.63 2484.25 2485.94 1.532
3 Q-1 0.018 14.43 14.36 2.720 4565.64 2689.62 2684.18 2686.90 1.699
4 Q-1 0.009 9.91 9.86 2.706 4999.22 2924.66 2910.07 2917.37 1.714
6 Otto-1 0.33 19.23 19.15 2.716 4011.13 2436.30 2431.91 2434.10 1.648
8 Otto-1 0.52 20.72 20.64 2.720 4042.53 2424.08 2423.21 2423.64 1.668
9 T-3 0.42 19.10 18.99 2.718 3924.27 2375.41 2378.52 2376.97 1.651
10 T-3 0.86 24.77 24.65 2.717 3560.11 2162.80 2158.41 2160.61 1.648
13 Gert-1 0.009 11.28 11.22 2.680 4921.17 2927.56 2924.84 2926.20 1.682
14 Gert-1 0.003 6.85 6.82 2.706 5079.40 3043.50 3044.33 3043.91 1.669
16 Gert-1 0.005 3.70 3.68 2.698 4699.53 2779.95 2790.49 2785.22 1.687
17 West Lulu-1 0.002 6.32 6.29 2.726 5524.85 3074.23 3066.46 3070.34 1.799
19 West Lulu-1 0.004 8.01 7.97 2.723 5234.62 2988.33 2987.47 2987.90 1.752
21 Baron-2 0.17 26.90 26.78 2.706 3587.62 2179.81 2185.08 2182.44 1.644
22 Baron-2 0.06 24.69 24.52 2.708 3469.73 2168.74 2158.69 2163.72 1.604
23 Baron-2 0.05 16.68 16.59 2.698 4404.68 2641.34 2635.04 2638.19 1.670
24 Baron-2 0.07 21.87 21.76 2.704 3764.95 2308.84 2307.02 2307.93 1.631
26 I-1 0.08 26.73 26.49 2.696 3155.82 2085.77 2080.65 2083.21 1.515
31 Cecilie-1B 0.41 22.36 22.19 2.710 3867.87 2328.33 2347.50 2337.91 1.654
32 Cecilie-1B 0.002 7.21 7.17 2.705 4852.66 2836.39 2837.12 2836.76 1.711
Rigs213 Rigs-1 0.3 20.43 20.34 2.716 4311.90 2587.22 2553.44 2570.33 1.678
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Table 5.2.  Results of ultrasonic measurements – water saturated state, SW=100%.

Sample
id.

Well
id.

Gas
perm
(mD)

Porosity
(%)

Reduced
porosity

(%)

Grain
density
(g/ml)

P
velocity

(m/s)

S1
velocity

(m/s)

S2
velocity

(m/s)

Mean S
velocity

(m/s)
P / S
Ratio

1 Q-1 0.003 14.35 14.28 2.721 3863.42 2007.58 2015.37 2011.47 1.921
2 Q-1 0.002 8.97 8.93 2.724 4001.06 n.u. n.u. n.u. n.u.
3 Q-1 0.018 14.43 14.36 2.720 4469.80 2463.57 2477.63 2470.60 1.809
4 Q-1 0.009 9.91 9.86 2.706 4983.85 2756.79 2741.32 2749.06 1.813
6 Otto-1 0.33 19.23 19.15 2.716 4105.68 2264.49 2265.28 2264.89 1.813
8 Otto-1 0.52 20.72 20.64 2.720 4111.58 2263.13 2255.78 2259.45 1.820
9 T-3 0.42 19.10 18.99 2.718 3974.37 2179.71 2166.21 2172.96 1.829
10 T-3 0.86 24.77 24.65 2.717 3620.09 1950.22 1952.72 1951.47 1.855
13 Gert-1 0.009 11.28 11.22 2.680 4892.34 2797.13 2795.91 2796.52 1.749
14 Gert-1 0.003 6.85 6.82 2.706 5119.09 n.u. n.u. n.u. n.u.
16 Gert-1 0.005 3.70 3.68 2.698 4849.78 n.u. n.u. n.u. n.u.
17 West Lulu-1 0.002 6.32 6.29 2.726 5497.70 2962.01 2947.56 2954.79 1.861
19 West Lulu-1 0.004 8.01 7.97 2.723 5228.16 2838.16 2827.87 2833.01 1.845
21 Baron-2 0.17 26.90 26.78 2.706 3471.16 1865.75 1863.59 1864.67 1.862
22 Baron-2 0.06 24.69 24.52 2.708 3425.03 1829.15 1823.52 1826.33 1.875
23 Baron-2 0.05 16.68 16.59 2.698 4319.03 2432.66 2416.59 2424.62 1.781
24 Baron-2 0.07 21.87 21.76 2.704 3783.77 2062.67 2068.80 2065.73 1.832
26 I-1 0.08 26.73 26.49 2.696 3185.16 1756.03 1750.55 1753.29 1.817
31 Cecilie-1B 0.41 22.36 22.19 2.710 3807.16 2058.03 2071.97 2065.00 1.844
32 Cecilie-1B 0.002 7.21 7.17 2.705 4832.14 n.u. 2589.20 2589.20 1.866
Rigs213 Rigs-1 0.3 20.43 20.34 2.716 4412.52 2478.99 2483.70 2481.35 1.778
Rigs220 Rigs-1 1.25 31.66 31.51 2.703 3344.61 1839.94 1834.64 1837.29 1.820

n.u.  Measurement not useful.
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Table 5.3.  Results of ultrasonic measurements – samples dried at 60 �C, 40 % relative humidity, and
measured at confining pressures 75, 125 and 200 bar.

Sam-
ple
id.

Well
id.

Con-
fining

pressure
(bar)

Gas
perm
(mD)

Porosity
(%)

Reduced
porosity

(%)

Grain
density
(g/ml)

P
velocity

(m/s)

S1
velocity

(m/s)

S2
velocity

(m/s)

Mean S
velocity

(m/s)
P / S
Ratio

13 Gert-1 75 0.009 11.28 11.22 2.680 4921.17 2927.56 2924.84 2926.20 1.682
13 Gert-1 125 0.009 11.28 11.22 2.680 4941.08 2938.20 2932.66 2935.43 1.683
13 Gert-1 200 0.009 11.28 11.22 2.680 4937.70 2937.76 2932.18 2934.97 1.682

31 Cecilie-1B 75 0.41 22.36 22.19 2.710 3867.87 2328.33 2347.50 2337.91 1.654
31 Cecilie-1B 125 0.41 22.36 22.19 2.710 3903.28 2347.90 2362.08 2354.99 1.657
31 Cecilie-1B 200 0.41 22.36 22.19 2.710 3940.92 2359.99 2374.84 2367.42 1.665
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Fig. 5.1.  VS vs. VP for samples in gas saturated and water saturated state..
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Fig. 5.2.  VP vs. porosity for samples in gas saturated and water saturated state. Please note that each sample is
only labelled once, i.e. each label refers to both a gas saturated and a water saturated measurement, except for
sample Rigs220 where only a water saturated measurement is available.
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Fig. 5.3.  VS vs. porosity for samples in gas saturated and water saturated state.
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Fig. 5.4.  VP in water saturated state vs. VP in gas saturated state.
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Fig. 5.5.  VS in water saturated state vs. VS in gas saturated state.
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Fig. 5.6.  VP/VS ratio vs. porosity for samples in gas saturated and water saturated state.
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Fig. 5.7.  Ultrasonic velocities VP and VS plotted
against confining pressure for sample 13. Note that
VP and VS are plotted on separate Y-axes.

Fig. 5.8.  Ultrasonic velocities VP and VS plotted
against confining pressure for sample 31. Note that
VP and VS are plotted on separate Y-axes.

Fig. 5.9.  Ultrasonic velocity VS plotted against
ultrasonic velocity VP for sample 13. Measurements
are labelled with confining pressure.

Fig. 5.10.  Ultrasonic velocity VS plotted against
ultrasonic velocity VP for sample 31. Measurements
are labelled with confining pressure.
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6. Documentation of data

This report comes in two versions: one with an attached CD and one without.

The CD contains all the ultrasonic data of the present work. The sample data for measurements in humidity
dried state can be found in the “HumidityDry” folder, and the sample data for measurements in the SW=100 %
state can be found in the “WaterSat” folder. The calibration data can be found in the "CalibrationData" folder.
At the top level, all results and plots are placed in the spreadsheet sonic_cbv.xls, which is an Excel97 file.

Each folder "HumidityDry", "WaterSat", and "CalibrationData" contains a file firstarrival_<id.>.doc, which
contains the output from the firstarrival program, cf. Section 4.5 for a description of the output. 

In the folders "HumidityDry" and "WaterSat" sample folders contain the following files:
1) Files with wave train data stored in comma separated files (*.csv)
2) Screen-dumps of the oscilloscope in tif format (*.tif)

For these files the filenames are constructed as follows:
<sample id.>_<state_><measurement type>_<hydrostatic pressure>_<date>.<file type>

where
<sample id.> is the identification of the sample
<state_> is either missing indicating humidity dried state or maet indicating water saturated state
<measurement type> is given as P (P-wave) or S1 (S1-wave) or S2 (S2-wave)
<hydrostatic pressure> is the hydrostatic pressure in bar
<date> is a shorthand date with format ddmmyy
<file type> is csv or tif

Every sample folder for water saturated samples in addition contains
3) An Excel file <sample id.>.xls with a Mettler log and the calculation of pore volume reduction

The clock of the oscilloscope, the clock of the attached PC, and the clock of the Quizix pump system were kept
synchronized within ½ minute within the data acquisition period April 5th to June 30th 2004 to allow
comparison of the Mettler logs and the ultrasonic data.
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Appendix 1.  Basic data, results, and precision

Basic data, results and precision parameters for all measurements are presented in Tables A.1 to A.6.

These tables report the full output from the firstarrival program in the columns labelled First arrival of <id..> signal, Local uncertainty, Global uncertainty, and
Amplitude at pick. This is true even for measurements where the identification of the ultrasonic signal, and thus the calculation of an ultrasonic velocity, failed.
In these instance the output from firstarrival is reported but the velocity and precision parameters are marked with the Excel symbol #I/T denoting that the data values
are absent. In addition the measurement is commented "Not useful".

Tables A.1 to A.3 reports data from measurement of the samples in humidity dried state, i.e. 60 �C and 40 % relative humidity.
Tables A.4 to A.6 reports data from measurement of the samples in fully water saturated state, i.e. SW = 100 %.
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Table A.1.  Basic data, results, and precision of ultrasonic measurements.
Ultrasonic P signals, samples measured in humidity dried state, 60 �C, 40 % relative humidity

Error on velocity

Sample
id.

File
id.

Reduced
porosity

(%)

Reduced
length
(mm)

First arrival
of P signal

(us)

Local un-
certainty

(us)

Global
un-

certainty

Ampli-
tude

at pick
(mV)

P velocity
(m/s)

from
length
(m/s)

from
noise
(m/s)

Total
error
(m/s)

Total
error
(%) Comment

1 Plug1_P_75_por_080304 14.28 38.37 22.4542 0.0188 0.06 84.0 3934.74 10 3 14 0.3
1_ch Plug1_P_75_310304 14.28 38.37 22.3894 0.0121 0.04 97.2 3961.07 10 2 12 0.3
2 Plug2_P_75_por_100304 8.93 38.33 22.5949 0.0176 0.05 53.6 3875.09 10 3 13 0.3
2_ch Plug2_P_75_010404 8.93 38.33 22.9439 0.0181 0.05 51.2 3743.03 10 3 13 0.3
3 Plug3_P_75_por_110304 14.36 38.33 21.0759 0.0098 0.04 54.3 4577.63 12 2 14 0.3
3_ch Plug3_P_75_250304 14.36 38.33 21.1200 0.0148 0.06 49.7 4553.65 12 3 15 0.3
4 Plug4_P_75_180304 9.86 39.40 20.6345 0.0206 0.08 53.2 4967.54 13 5 18 0.4
4_ch Plug4_P_75_010404 9.86 39.40 20.5346 0.0340 0.13 47.7 5030.90 13 8 21 0.4
6 Plug6_P_75_180304 19.15 38.62 22.3307 0.0175 0.06 88.5 4011.13 10 3 14 0.3
8 Plug8_P_75_por_100304 20.64 39.38 22.4429 0.0168 0.05 91.0 4042.88 10 3 13 0.3
8_ch Plug8_P_75_070404 20.64 39.38 22.4446 0.0102 0.03 111.6 4042.17 10 2 12 0.3
9 Plug9_P_75_190304 18.99 38.39 22.4840 0.0234 0.08 65.9 3924.27 10 4 14 0.4
10 Plug10_P_75_190304 24.65 39.38 23.7650 0.0102 0.03 126.3 3560.11 9 2 11 0.3
13 Plug13_P_75_110304 11.22 37.61 20.3345 0.0191 0.07 54.1 4928.26 13 5 18 0.4
13_3p Plug13_P_75_290304 11.22 37.61 20.3565 0.0232 0.07 52.1 4914.09 13 6 19 0.4
13_3p Plug13_P_125_290304 11.22 37.61 20.3147 0.0142 0.05 86.2 4941.08 13 3 17 0.3 Pconf 125 bar
13_3p Plug13_P_200_290304 11.22 37.61 20.3199 0.0118 0.44 110.1 4937.70 13 3 16 0.3 Pconf 200 bar
14 Plug14_P_75_120304 6.82 35.86 19.7689 0.0139 0.05 45.3 5074.07 14 4 18 0.3
14_ch Plug14_P_75_310304 6.82 35.86 19.7541 0.0248 0.08 49.3 5084.72 14 6 21 0.4
16 Plug16_P_75_250304 3.68 35.72 20.3027 0.0408 0.13 23.2 4699.53 13 9 23 0.5
17 Plug17_P_75_260304 6.29 35.76 19.1743 0.0121 0.04 59.2 5524.85 15 3 19 0.3
19 Plug19_P_75_170304 7.97 37.89 19.9417 0.0175 0.06 44.5 5234.62 14 5 18 0.4
21 Plug21_P_75_230304 26.78 40.53 24.0006 0.0107 0.03 114.1 3587.62 9 2 10 0.3
22 Plug22_P_75_230304 24.52 39.31 24.0313 0.0191 0.07 65.1 3469.73 9 3 12 0.3
23 Plug23_P_75_240304 16.59 38.21 21.3768 0.0113 0.04 55.0 4404.68 12 2 14 0.3
24 Plug24_P_75_240304 21.76 35.62 22.1627 0.0238 0.07 47.2 3764.95 11 4 15 0.4
26 Plug26_P_75_240304 26.49 39.39 25.3903 0.0117 0.03 87.4 3104.36 8 1 9 0.3
26_ch Plug26_P_75_060404 26.49 39.39 24.9832 0.0135 0.04 92.4 3207.27 8 2 10 0.3
31_3p Plug31_P_75_300304 22.19 36.62 22.1700 0.0254 0.09 61.5 3867.87 11 4 15 0.4
31_3p Plug31_P_125_300304 22.19 36.62 22.0841 0.0100 0.03 100.3 3903.28 11 2 12 0.3 Pconf 125 bar
31_3p Plug31_P_200_300304 22.19 36.62 21.9945 0.0099 0.03 118.5 3940.92 11 2 13 0.3 Pconf 200 bar
32 Plug32_P_75_260304 7.17 38.49 20.6430 0.0214 0.07 29.0 4846.66 13 5 18 0.4
32_ch Plug32_P_75_060404 7.17 38.49 20.6234 0.0103 0.03 37.1 4858.65 13 2 15 0.3
Rigs213 Rigs213_P_75_150304 20.34 24.75 18.4430 0.0271 0.07 50.7 4311.90 17 6 24 0.6 Por from GEUS rap. 2002/23
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Table A.2.  Basic data, results, and precision of ultrasonic measurements.
Ultrasonic S1 signals, samples measured in humidity dried state, 60 �C, 40 % relative humidity

Error on velocity

Sample
id.

File
id.

Reduced
porosity

(%)

Reduced
length
(mm)

First arrival
of S1 signal

(us)

Local un-
certainty

(us)

Global
un-

certainty

Ampli-
tude

at pick
(mV)

S1 velocity
(m/s)

from
length
(m/s)

from
noise
(m/s)

Total
error
(m/s)

Total
error
(%) Comment

1 Plug1_S1_75_por_080304 14.28 38.37 39.3545 0.0120 0.07 -172.5 2445.42 6 1 7 0.3
1_ch Plug1_S1_75_310304 14.28 38.37 39.0444 0.0138 0.03 -350.4 2494.73 7 1 7 0.3
2 Plug2_S1_75_por_100304 8.93 38.33 41.9183 0.1331 0.88 -56.2 #I/T #I/T #I/T #I/T #I/T S1 signal not useful
2_ch Plug2_S1_75_010404 8.93 38.33 39.0736 0.0246 0.06 -266.2 2487.63 6 2 8 0.3
3 Plug3_S1_75_por_110304 14.36 38.33 28.2630 0.1381 0.88 -8.4 #I/T #I/T #I/T #I/T #I/T S1 signal not useful
3_ch Plug3_S1_75_250304 14.36 38.33 37.9150 0.0122 0.03 -200.3 2689.62 7 1 8 0.3
4 Plug4_S1_75_180304 9.86 39.40 37.2449 0.0160 0.04 -202.4 2901.28 7 1 9 0.3
4_ch Plug4_S1_75_010404 9.86 39.40 37.0294 0.0215 0.07 -184.0 2948.05 7 2 9 0.3
6 Plug6_S1_75_180304 19.15 38.62 39.5157 0.0134 0.03 -355.7 2436.30 6 1 7 0.3
8 Plug8_S1_75_por_100304 20.64 39.38 39.9445 0.0238 0.09 -332.4 2418.77 6 1 8 0.3
8_ch Plug8_S1_75_070404 20.64 39.38 39.8733 0.0129 0.03 -366.9 2429.39 6 1 7 0.3
9 Plug9_S1_75_190304 18.99 38.39 39.8232 0.0174 0.04 -254.1 2375.41 6 1 7 0.3
10 Plug10_S1_75_190304 24.65 39.38 41.8734 0.0152 0.05 -416.3 2162.80 5 1 6 0.3
13 Plug13_S1_75_110304 11.22 37.61 27.0122 0.1912 0.78 -4.2 #I/T #I/T #I/T #I/T #I/T S1 signal not useful
13_3p Plug13_S1_75_290304 11.22 37.61 36.5115 0.0209 0.06 -209.2 2927.56 8 2 9 0.3
13_3p Plug13_S1_125_290304 11.22 37.61 36.4650 0.0149 0.04 -315.9 2938.20 8 1 9 0.3 Pconf 125 bar
13_3p Plug13_S1_200_290304 11.22 37.61 36.4669 0.0168 0.04 -375.6 2937.76 8 1 9 0.3 Pconf 200 bar
14 Plug14_S1_75_120304 6.82 35.86 32.1044 0.1536 0.93 -30.6 #I/T #I/T #I/T #I/T #I/T S1 signal not useful
14_ch Plug14_S1_75_310304 6.82 35.86 35.4448 0.0199 0.08 -220.5 3043.50 8 2 10 0.3
16 Plug16_S1_75_250304 3.68 35.72 36.5120 0.0304 0.07 -60.2 2779.95 8 2 10 0.4
17 Plug17_S1_75_260304 6.29 35.76 35.2946 0.0268 0.13 -242.3 3074.23 9 2 11 0.4
19 Plug19_S1_75_170304 7.97 37.89 36.3446 0.0096 0.02 -192.4 2988.33 8 1 9 0.3
21 Plug21_S1_75_230304 26.78 40.53 42.2587 0.0328 0.04 -134.1 2179.81 5 2 7 0.3
22 Plug22_S1_75_230304 24.52 39.31 41.7885 0.0112 0.03 -232.1 2168.74 6 1 6 0.3
23 Plug23_S1_75_240304 16.59 38.21 38.1290 0.0172 0.04 -226.0 2641.34 7 1 8 0.3
24 Plug24_S1_75_240304 21.76 35.62 39.0902 0.0213 0.04 -215.9 2308.84 6 1 8 0.3
26 Plug26_S1_75_240304 26.49 39.39 42.8038 0.0139 0.03 -318.6 2057.86 5 1 6 0.3
26_ch Plug26_S1_75_060404 26.49 39.39 42.2983 0.0146 0.04 -345.6 2113.69 5 1 6 0.3
31_3p Plug31_S1_75_300304 22.19 36.62 39.3914 0.0222 0.08 -220.1 2328.33 6 1 8 0.3
31_3p Plug31_S1_125_300304 22.19 36.62 39.2603 0.0213 0.05 -300.5 2347.90 6 1 8 0.3 Pconf 125 bar
31_3p Plug31_S1_200_300304 22.19 36.62 39.1804 0.0192 0.05 -329.0 2359.99 6 1 8 0.3 Pconf 200 bar
32 Plug32_S1_75_260304 7.17 38.49 37.3536 0.0282 0.07 -129.8 2811.21 7 2 9 0.3
32_ch Plug32_S1_75_060404 7.17 38.49 37.1127 0.0279 0.06 -154.3 2861.57 7 2 10 0.3
Rigs213 Rigs213_S1_75_150304 20.34 24.75 33.2310 0.0407 0.23 -141.0 2587.22 10 3 14 0.5 Por from GEUS rap. 2002/23
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Table A.3.  Basic data, results, and precision of ultrasonic measurements.
Ultrasonic S2 signals, samples measured in humidity dried state, 60 �C, 40 % relative humidity

Error on velocity

Sample
id.

File
id.

Reduced
porosity

(%)

Reduced
length
(mm)

First arrival
of S2 signal

(us)

Local un-
certainty

(us)

Global
un-

certainty

Ampli-
tude

at pick
(mV)

S2 velocity
(m/s)

from
length
(m/s)

from
noise
(m/s)

Total
error
(m/s)

Total
error
(%) Comment

1 Plug1_S2_75_por_080304 14.28 38.37 40.0421 0.0103 0.02 -226.4 2436.51 6 1 7 0.3
1_ch Plug1_S2_75_310304 14.28 38.37 39.7056 0.0146 0.04 -215.8 2489.71 6 1 7 0.3
2 Plug2_S2_75_por_100304 8.93 38.33 41.9227 0.1333 0.92 -56.2 #I/T #I/T #I/T #I/T #I/T S2 signal not useful
2_ch Plug2_S2_75_010404 8.93 38.33 39.7248 0.0257 0.05 -150.2 2484.25 6 2 8 0.3
3 Plug3_S2_75_por_110304 14.36 38.33 28.2713 0.1382 0.90 -8.5 #I/T #I/T #I/T #I/T #I/T S2 signal not useful
3_ch Plug3_S2_75_250304 14.36 38.33 38.5741 0.0258 0.09 -95.1 2684.18 7 2 9 0.3
4 Plug4_S2_75_180304 9.86 39.40 37.9310 0.0157 0.04 -132.1 2889.39 7 1 9 0.3
4_ch Plug4_S2_75_010404 9.86 39.40 37.7385 0.0150 0.03 -124.0 2930.76 7 1 9 0.3
6 Plug6_S2_75_180304 19.15 38.62 40.1745 0.0130 0.03 -190.4 2431.91 6 1 7 0.3
8 Plug8_S2_75_por_100304 20.64 39.38 40.5449 0.0120 0.03 -232.6 2423.21 6 1 7 0.3
8_ch Plug8_S2_75_070404 20.64 39.38 40.5449 0.0129 0.03 -240.0 2423.21 6 1 7 0.3
9 Plug9_S2_75_190304 18.99 38.39 40.4323 0.0099 0.02 -142.1 2378.52 6 1 7 0.3
10 Plug10_S2_75_190304 24.65 39.38 42.5406 0.0133 0.03 -242.0 2158.41 5 1 6 0.3
13 Plug13_S2_75_110304 11.22 37.61 27.0486 0.1706 0.75 -4.5 #I/T #I/T #I/T #I/T #I/T S2 signal not useful
13_3p Plug13_S2_75_290304 11.22 37.61 37.1537 0.0175 0.04 -106.1 2924.84 8 1 9 0.3
13_3p Plug13_S2_125_290304 11.22 37.61 37.1194 0.0113 0.03 -165.6 2932.66 8 1 9 0.3 Pconf 125 bar
13_3p Plug13_S2_200_290304 11.22 37.61 37.1215 0.0156 0.04 -203.4 2932.18 8 1 9 0.3 Pconf 200 bar
14 Plug14_S2_75_120304 6.82 35.86 32.0831 0.1476 0.90 -30.9 #I/T #I/T #I/T #I/T #I/T S2 signal not useful
14_ch Plug14_S2_75_310304 6.82 35.86 36.0718 0.0296 0.07 -132.9 3044.33 8 2 11 0.4
16 Plug16_S2_75_250304 3.68 35.72 37.0937 0.0102 0.02 -123.3 2790.49 8 1 9 0.3
17 Plug17_S2_75_260304 6.29 35.76 35.9543 0.0225 0.08 -176.7 3066.46 9 2 10 0.3
19 Plug19_S2_75_170304 7.97 37.89 36.9785 0.0275 0.08 -110.0 2987.47 8 2 10 0.3
21 Plug21_S2_75_230304 26.78 40.53 42.8440 0.0121 0.03 -400.4 2185.08 5 1 6 0.3
22 Plug22_S2_75_230304 24.52 39.31 42.5031 0.0121 0.03 -158.2 2158.69 5 1 6 0.3
23 Plug23_S2_75_240304 16.59 38.21 38.7938 0.0254 0.05 -120.4 2635.04 7 2 9 0.3
24 Plug24_S2_75_240304 21.76 35.62 39.7326 0.0175 0.04 -144.1 2307.02 6 1 7 0.3
26 Plug26_S2_75_240304 26.49 39.39 43.4808 0.0151 0.03 -207.4 2052.85 5 1 6 0.3
26_ch Plug26_S2_75_060404 26.49 39.39 42.9747 0.0137 0.03 -210.3 2108.46 5 1 6 0.3
31_3p Plug31_S2_75_300304 22.19 36.62 39.8932 0.0179 0.04 -173.2 2347.50 6 1 7 0.3
31_3p Plug31_S2_125_300304 22.19 36.62 39.7969 0.0132 0.03 -245.0 2362.08 6 1 7 0.3 Pconf 125 bar
31_3p Plug31_S2_200_300304 22.19 36.62 39.7136 0.0119 0.03 -270.6 2374.84 6 1 7 0.3 Pconf 200 bar
32 Plug32_S2_75_260304 7.17 38.49 37.9648 0.0393 0.12 -78.0 2815.12 7 3 10 0.4
32_ch Plug32_S2_75_060404 7.17 38.49 37.7544 0.0298 0.11 -83.2 2859.12 7 2 10 0.3
Rigs213 Rigs213_S2_75_150304 20.34 24.75 33.9878 0.0461 0.09 -61.0 2553.44 10 3 14 0.5 Por from GEUS rap. 2002/23
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Table A.4.  Basic data, results, and precision of ultrasonic measurements – Samples measured in SW=100 % state.
Ultrasonic P signals, samples measured in SW=100 % state.

Error on velocity

Sample
id.

File
id.

Reduced
porosity

(%)

Reduced
length
(mm)

First arrival
of P signal

(us)

Local un-
certainty

(us)

Global
un-

certainty

Ampli-
tude

at pick
(mV)

P velocity
(m/s)

from
length
(m/s)

from
noise
(m/s)

Total
error
(m/s)

Total
error
(%) Comment

1 Plug1_maet_P_75_180504 14.28 38.37 22.6586 0.0168 0.05 53.1 3863.42 10 3 13 0.3
2 Plug2_maet_P_75_180504 8.93 38.33 22.2529 0.0189 0.05 64.1 4024.12 10 3 14 0.3
2_ch Plug2ch_maet_P_75_210604 8.93 38.33 22.3685 0.0210 0.06 60.2 3978.00 10 4 14 0.4
3 Plug3_maet_P_75_210404 14.36 38.33 21.2779 0.0108 0.03 86.1 4469.80 12 2 14 0.3
4 Plug4_maet_P_75_190504 9.86 39.40 20.6329 0.0102 0.03 156.7 4983.85 13 2 15 0.3
6 Plug6_maet_P_75_210404 19.15 38.62 22.1142 0.0110 0.03 124.1 4103.39 11 2 13 0.3
6_ch Plug6ch_maet_P_75_300604 19.15 38.62 22.1218 0.0116 0.04 134.7 4107.96 11 2 13 0.3
8 Plug8_maet_P_75_190504 20.64 39.38 22.3045 0.0107 0.03 156.5 4111.58 10 2 12 0.3
9 Plug9_maet_P_75_220404 18.99 38.39 22.3607 0.0118 0.03 122.1 3974.37 10 2 12 0.3
10 Plug10_maet_P_75_220404 24.65 39.38 23.5817 0.0112 0.03 138.7 3620.09 9 2 11 0.3
13 Plug13_maet_P_75_210504 11.22 37.61 20.4149 0.0098 0.03 174.8 4892.34 13 2 15 0.3
14 Plug14_maet_P_75_210504 6.82 35.86 19.7249 0.0105 0.04 144.0 5123.64 14 3 17 0.3
14_ch Plug14ch_maet_P_75_220604 6.82 35.86 19.7425 0.0126 0.05 141.2 5114.55 14 3 18 0.3
16 Plug16_maet_P_75_240504 3.68 35.72 20.0916 0.0138 0.04 84.0 4849.78 14 3 17 0.3
17 Plug17_maet_P_75_240504 6.29 35.76 19.2317 0.0115 0.04 162.4 5496.79 15 3 19 0.3
17_ch Plug17ch_maet_P_75_220604 6.29 35.76 19.2347 0.0123 0.04 162.1 5498.62 15 4 19 0.3
19 Plug19_maet_P_75_120504 7.97 37.89 19.9750 0.0112 0.04 154.4 5228.16 14 3 17 0.3
21 Plug21_maet_P_75_120504 26.78 40.53 24.4040 0.0121 0.04 102.3 3471.16 9 2 10 0.3
22 Plug22_maet_P_75_130504 24.52 39.31 24.2035 0.0174 0.05 72.1 3425.03 9 2 11 0.3
23 Plug23_maet_P_75_130504 16.59 38.21 21.5732 0.0104 0.04 129.4 4319.03 11 2 13 0.3
24 Plug24_maet_P_75_170504 21.76 35.62 22.1400 0.0119 0.04 104.2 3783.77 11 2 13 0.3
26 Plug26_maet_P_75_250504 26.49 39.39 25.0928 0.0123 0.04 59.1 3185.16 8 2 10 0.3
31 Plug31_maet_P_75_170504 22.19 36.62 22.3940 0.0161 0.05 62.1 3787.99 10 3 13 0.3
31_ch Plug31ch_maet_P_75_230604 22.19 36.62 22.3023 0.0198 0.07 75.3 3826.33 10 3 14 0.4 Fracture taped
32 Plug32_maet_P_75_260504 7.17 38.49 20.6949 0.0136 0.04 91.1 4829.91 13 3 16 0.3
32_ch Plug32ch_maet_P_75_230604 7.17 38.49 20.6927 0.0138 0.05 96.0 4834.38 13 3 16 0.3
Rigs213 Rigs213_maet_P_75_050404 20.34 24.75 18.3121 0.0169 0.05 58.4 4412.52 18 4 22 0.5 Por from GEUS rap. 2002/23
Rigs220 Rigs220_*_75_maet_190404 31.51 27.87 21.0341 0.0113 0.03 132.2 3344.61 12 2 14 0.4 Por from GEUS rap. 2000/19
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Table A.5.  Basic data, results, and precision of ultrasonic measurements.
Ultrasonic S1 signals, samples measured in SW=100 % state.

Error on velocity

Sample
id.

File
id.

Reduced
porosity

(%)

Reduced
length
(mm)

First arrival
of S1 signal

(us)

Local un-
certainty

(us)

Global
un-

certainty

Ampli-
tude

at pick
(mV)

S1 velocity
(m/s)

from
length
(m/s)

from
noise
(m/s)

Total
error
(m/s)

Total
error
(%) Comment

1 Plug1_maet_S1_75_180504 14.28 38.37 42.8202 0.0327 0.10 -53.6 2007.58 5 2 7 0.3
2 Plug2_maet_S1_75_180504 8.93 38.33 34.6097 0.0875 0.57 -6.8 #I/T #I/T #I/T #I/T #I/T
2_ch Plug2ch_maet_S1_75_210604 8.93 38.33 34.7631 0.1140 0.83 -6.4 #I/T #I/T #I/T #I/T #I/T
3 Plug3_maet_S1_75_210404 14.36 38.33 39.2227 0.0235 0.08 -146.2 2463.57 6 1 8 0.3
4 Plug4_maet_S1_75_190504 9.86 39.40 38.0003 0.0266 0.06 -176.0 2756.79 7 2 9 0.3
6 Plug6_maet_S1_75_210404 19.15 38.62 40.7650 0.0178 0.05 -322.7 2258.32 6 1 7 0.3
6_ch Plug6ch_maet_S1_75_300604 19.15 38.62 40.6620 0.0195 0.06 -330.1 2270.67 6 1 7 0.3
8 Plug8_maet_S1_75_190504 20.64 39.38 41.1078 0.0202 0.05 -315.1 2263.13 6 1 7 0.3
9 Plug9_maet_S1_75_220404 18.99 38.39 41.2741 0.0313 0.10 -190.3 2179.71 6 2 7 0.3
10 Plug10_maet_S1_75_220404 24.65 39.38 43.8583 0.0166 0.04 -293.4 1950.22 5 1 6 0.3
13 Plug13_maet_S1_75_210504 11.22 37.61 37.1542 0.0363 0.09 -173.9 2797.13 7 3 10 0.4
14 Plug14_maet_S1_75_210504 6.82 35.86 31.9467 0.3842 0.90 -9.0 #I/T #I/T #I/T #I/T #I/T
14_ch Plug14ch_maet_S1_75_220604 6.82 35.86 26.2088 0.2198 0.98 -5.6 #I/T #I/T #I/T #I/T #I/T
16 Plug16_maet_S1_75_240504 3.68 35.72 26.5214 0.1643 0.69 -6.5 #I/T #I/T #I/T #I/T #I/T
17 Plug17_maet_S1_75_240504 6.29 35.76 35.7608 0.4159 0.96 -20.9 2966.45 8 35 43 1.4
17_ch Plug17ch_maet_S1_75_220604 6.29 35.76 35.8048 0.2503 0.66 -31.5 2957.57 8 21 29 1.0
19 Plug19_maet_S1_75_120504 7.97 37.89 37.0592 0.0508 0.13 -116.6 2838.16 7 4 11 0.4
21 Plug21_maet_S1_75_120504 26.78 40.53 45.4323 0.0235 0.07 -200.3 1865.75 5 1 6 0.3
22 Plug22_maet_S1_75_130504 24.52 39.31 45.1971 0.0255 0.04 -109.7 1829.15 5 1 6 0.3
23 Plug23_maet_S1_75_130504 16.59 38.21 39.4135 0.0348 0.12 -168.9 2432.66 6 2 9 0.4
24 Plug24_maet_S1_75_170504 21.76 35.62 40.9749 0.0247 0.09 -208.5 2062.67 6 1 7 0.3
26 Plug26_maet_S1_75_250504 26.49 39.39 46.1373 0.0259 0.05 -103.2 1756.03 4 1 5 0.3
31 Plug31_maet_S1_75_170504 22.19 36.62 41.5978 0.0233 0.04 -190.2 2046.86 6 1 7 0.3
31_ch Plug31ch_maet_S1_75_230604 22.19 36.62 41.4125 0.0229 0.08 -196.1 2069.20 6 1 7 0.3 Fracture taped
32 Plug32_maet_S1_75_260504 7.17 38.49 40.6600 0.1271 0.88 -22.1 #I/T #I/T #I/T #I/T #I/T
32_ch Plug32ch_maet_S1_75_230604 7.17 38.49 27.1873 0.1079 0.94 -5.6 #I/T #I/T #I/T #I/T #I/T
Rigs213 Rigs213_maet_S1_75_050404 20.34 24.75 33.6487 0.0840 0.45 -78.1 2478.99 10 6 16 0.7 Por from GEUS rap. 2002/23
Rigs220 Rigs220_*_75_maet_190404 31.51 27.87 38.8089 0.0164 0.04 -307.9 1839.94 7 1 7 0.4 Por from GEUS rap. 2000/19
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Table A.6.  Basic data, results, and precision of ultrasonic measurements.
Ultrasonic S2 signals, samples measured in SW=100 % state.

Error on velocity

Sample
id.

File
id.

Reduced
porosity

(%)

Reduced
length
(mm)

First arrival
of S2 signal

(us)

Local un-
certainty

(us)

Global
un-

certainty

Ampli-
tude

at pick
(mV)

S2 velocity
(m/s)

from
length
(m/s)

from
noise
(m/s)

Total
error
(m/s)

Total
error
(%) Comment

1 Plug1_maet_S2_75_180504 14.28 38.37 43.3631 0.0294 0.10 -27.0 2015.37 5 1 7 0.3
2 Plug2_maet_S2_75_180504 8.93 38.33 35.1484 0.0419 0.88 -4.1 #I/T #I/T #I/T #I/T #I/T
2_ch Plug2ch_maet_S2_75_210604 8.93 38.33 35.3396 0.0413 1.00 -3.6 #I/T #I/T #I/T #I/T #I/T
3 Plug3_maet_S2_75_210404 14.36 38.33 39.7646 0.0180 0.06 -92.1 2477.63 6 1 8 0.3
4 Plug4_maet_S2_75_190504 9.86 39.40 38.6977 0.0180 0.04 -104.2 2741.32 7 1 8 0.3
6 Plug6_maet_S2_75_210404 19.15 38.62 41.3922 0.0117 0.02 -163.7 2258.72 6 1 6 0.3
6_ch Plug6ch_maet_S2_75_300604 19.15 38.62 41.3148 0.0114 0.02 -172.5 2271.85 6 1 7 0.3
8 Plug8_maet_S2_75_190504 20.64 39.38 41.7812 0.0151 0.03 -207.8 2255.78 6 1 7 0.3
9 Plug9_maet_S2_75_220404 18.99 38.39 42.0140 0.0186 0.05 -134.3 2166.21 6 1 7 0.3
10 Plug10_maet_S2_75_220404 24.65 39.38 44.4627 0.0114 0.02 -222.4 1952.72 5 1 5 0.3
13 Plug13_maet_S2_75_210504 11.22 37.61 37.7768 0.0290 0.09 -132.0 2795.91 7 2 10 0.3
14 Plug14_maet_S2_75_210504 6.82 35.86 38.9373 0.1257 0.62 -26.1 #I/T #I/T #I/T #I/T #I/T
14_ch Plug14ch_maet_S2_75_220604 6.82 35.86 38.8756 0.1199 0.74 -18.2 #I/T #I/T #I/T #I/T #I/T
16 Plug16_maet_S2_75_240504 3.68 35.72 33.0051 0.1148 0.89 -6.0 #I/T #I/T #I/T #I/T #I/T
17 Plug17_maet_S2_75_240504 6.29 35.76 36.4754 0.1334 0.44 -23.0 2942.55 8 11 19 0.6
17_ch Plug17ch_maet_S2_75_220604 6.29 35.76 36.4549 0.1185 0.69 -25.0 2952.57 8 10 18 0.6
19 Plug19_maet_S2_75_120504 7.97 37.89 37.7245 0.0317 0.08 -72.4 2827.87 7 2 10 0.3
21 Plug21_maet_S2_75_120504 26.78 40.53 46.0743 0.0249 0.05 -98.2 1863.59 5 1 6 0.3
22 Plug22_maet_S2_75_130504 24.52 39.31 45.8802 0.0226 0.04 -72.1 1823.52 5 1 6 0.3
23 Plug23_maet_S2_75_130504 16.59 38.21 40.1347 0.0201 0.05 -96.3 2416.59 6 1 8 0.3
24 Plug24_maet_S2_75_170504 21.76 35.62 41.5405 0.0243 0.07 -111.0 2068.80 6 1 7 0.3
26 Plug26_maet_S2_75_250504 26.49 39.39 46.8242 0.0183 0.03 -86.1 1750.55 4 1 5 0.3
31 Plug31_maet_S2_75_170504 22.19 36.62 42.0833 0.0174 0.04 -120.2 2061.98 6 1 6 0.3
31_ch Plug31ch_maet_S2_75_230604 22.19 36.62 41.9336 0.0190 0.04 -134.3 2081.96 6 1 7 0.3 Fracture taped
32 Plug32_maet_S2_75_260504 7.17 38.49 39.1388 0.3223 0.00 -4.6 2597.76 7 21 28 1.1
32_ch Plug32ch_maet_S2_75_230604 7.17 38.49 39.2578 0.0890 0.71 -4.7 2580.64 7 6 13 0.5
Rigs213 Rigs213_maet_S2_75_050404 20.34 24.75 34.2600 0.0668 0.16 -43.8 2483.70 10 5 15 0.6 Por from GEUS rap. 2002/23
Rigs220 Rigs220_*_75_maet_190404 31.51 27.87 39.4828 0.0226 0.05 -136.3 1834.64 7 1 8 0.4 Por from GEUS rap. 2000/19
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Introduction – basic observations

In this note we discuss observations of P-wave sonic velocity differences between chalk
intervals of the Jette-1 and Isak-1 wells.  Questions of interest are, why are P-wave veloci-
ties higher in Jette-1 than in Isak-1?  Why is the Vp/Vs ratio lower in Jette-1?  We will show
with rock physics models that these are consistent with different pore stiffnesses, though
the mechanism for generating different pore stiffness is not clear.

Figure 1 compares well logs from the two wells.  In both, the Ekofisk Formation is high-
lighted in red, the Tor Formation in blue, and the Hod Formation in green.  The gamma ray
log suggests differences between the two wells.  In both wells, the Ekofisk tends to have
relatively higher gamma ray than the cleaner Tor Formation.  In Isak-1, the gamma ray in
the Hod is comparable to the Tor, while in Jette-1 the gamma ray is significantly higher in
the Hod than in the Tor.  Overall, the gamma ray has significantly lower values in Jette-1
than in Isak-1, though the gamma ray is more variable in Jette-1 than in Isak-1, at least in
the Ekofisk and Hod Formations.

Figure 2 shows sonic Vp vs. density porosity (Phi) for the Ekofisk, Tor, and Hod Formations
in the two wells.  For the Ekofisk and Tor Formations, we observe a wider range of porosi-
ties in Jette-1 than in Isak-1.  Also, at a given porosity, the P-wave velocities in Jette-1 are
higher than in Isak-1, for all formations.  We also observe quite different velocity-porosity
trends for the three formations.  In Ekofisk, the velocity-porosity trend has a very low slope;
the Tor slope is steeper; and the Hod slope is steeper still, though in Jette-1 the Hod slope
is not so evident.
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Figure 1.   Logs in Isak-1 and Jette-1.  Ekofisk Formation is highlighted in red, Tor in blue,
and Hod in green.
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Figure 2.   Log P-wave sonic velocity vs. density porosity (Phi) in Isak-1 and Jette-1.  Eko-
fisk Formation is highlighted in red, Tor in blue, and Hod in green.

Figure 3 compares Vp/Vs ratio vs. Acoustic Impedance in Isak-1 and Jette-1.  For the Eko-
fisk and Tor Formations, we observe a wider range of acoustic impedance in Jette-1 than in
Isak-1.  This mimics the porosity variation in Figure 2, since porosity and impedance tend to
be highly correlated.  At a given acoustic impedance, the Vp/Vs ratios in Jette-1 are lower
than in Isak-1, for all formations, even though in Figure 2 we observed that Vp was higher
in Jette-1.
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Figure 3.   Log sonic Vp/Vs ratio vs. acoustic impedance in Isak-1 and Jette-1.  Ekofisk
Formation is highlighted in red, Tor in blue, and Hod in green.

Figure 4 compares sonic Vp vs. Vs in Isak-1 and Jette-1.  The empirical Greenberg-
Castagna (1992) lines for water-saturated sandstone (black line), shale (blue line), dolomite
(magenta line) and limestone (green line) are shown for comparison.  We also show a gas-
saturated limestone line (dashed green), calculated from the water line using the Gass-
mann (1951) relations.  Although none of the curves were developed explicitly for chalks,
we see that the Jette-1 data mimic the limestone trend.
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For each of the Greenberg-Castagna lithologic curves, the upper right extent can be inter-
preted as approximately the mineral point, at zero porosity.  For pure calcite, this would
correspond to (Vp=6370 m/s, Vs=3330 m/s).  (Strictly , the Greenberg-Castagna curves do
not pass exactly through this point.  The reason is that they are empirical fits to data, and
none of those data came close to zero porosity.)  Moving to the lower left along each
Greenberg-Castagna curve corresponds to increasing total porosity.  The left-most inter-
cept, at Vs=0 can be thought of as critical porosity, where the rock is falling apart.  (Again,
the precise Vp intercept value of the Greenberg-Castagna lines is not exactly what we
would expect for a calcite-water suspension at critical porosity; the explanation again is that
this high porosity limit is an extrapolation of the empirical Greenberg-Castagna curves be-
yond their range of validity.)

We observe in Figure 4 that the data from Isak-1 fall systematically above the Greenberg-
Castagna carbonate line, while the data from Jette-1 fall along the line.  That is, the Isak-1
data have systematically higher Vp/Vs ratios for all formations than the Jette-1 data.  As
discussed in later, this difference in Vp/Vs ratio appears to be consistent with rock textural
or mineralogic differences between the two wells.
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Figure 4.   Log sonic Vp vs. Vs in Isak-1 and Jette-1.  Ekofisk Formation is highlighted in
red, Tor in blue, and Hod in green.  Greenberg-Castagna lines are shown for comparison.
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Rock physics modeling

In this section, we analyze the observations of Figures 2-4 by comparing them with rock
physics models.  One set of models represents the pore space as a collection of ellipsoidal
inclusions, ranging from flat penny-shaped cracks to spherical pores.  The equations that
we implement are for the self-consistent formulation of Berryman (1995).  The effective
rock bulk and shear moduli of an N-phase composite are given by:

xi(Ki – KSC
* )P*i

�i = 1

N
= 0

xi(� i – �SC
* )Q*i

�i = 1

N
= 0

where i refers to the ith material, xi  its volume fraction, P and Q are geometric factors

given in Table 1, and the superscript *i on P and Q indicates that the factors are for an in-

clusion of material  i  in a background medium with self-consistent effective moduli KSC
*

and  ��SC* .  These equations are coupled and must be solved by simultaneous iteration.

In the modeling, spherical pores are represented with an aspect ratio of 1; these are the
stiffest possible shapes, leading to high velocities for a given porosity.  Successively
smaller aspect ratios represent flattened spherical pores (oblate spheroids), which are suc-
cessively more compliant.  Aspect ratios less than about 0.1 are often referred to as
“penny-shaped” cracks.  In our application, we assume two phases, calcite and water.

In using these inclusion models, it is important to remember that they are quite idealized,
and should not be interpreted too literally.  In real rocks there are no ellipsoidal pores.
Also, the ellipsoidal models do not explicitly allow for pore connectivity.  Nevertheless,
these models are useful elastic analogs, and we believe that the trends predicted by them,
such as from stiffer pores to more compliant pores, are valid.  In our discussion below, the
fact that Isak-1 data are consistent with a penny-shaped crack model does not mean that
there must be cracks in the rocks.  Poorly cemented, compliant grain contacts will yield the
same elastic behavior.
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Table 1.   Coefficients P and Q for some specific shapes.  The subscripts m and i refer to the
background and inclusion materials [from Berryman (1995)].

Inclusion shape  Pmi  Qmi

Spheres
� Km + 4

3�m

Ki + 4
3�m

 ��m + �m
�i + �m

Needles
� Km + �m + 1

3�i

Ki + �m + 1
3�i

 
1
5

4�m
�m + �i

+ 2�m + �m
�i +�m

+
Ki + 4

3�m

Ki + �m + 1
3�i

Disks
� Km + 4

3�i

Ki + 4
3�i

 ��m + �i
�i + �i

Penny cracks
� Km + 4

3�i

Ki + 4
3�i + ���m

� 
1
5 1 + 8�m

4�i + �� �m+2�m
+ 2

Ki + 2
3 �i + �m

Ki + 4
3�i + ���m

 �� = �
(3K+�)
(3K+4�)

          � = �
(3K+�)
(3K+7�)

          � = �
6

(9K+8�)
(K+2�)

Effect of mineral properties on inclusion model predictions
When comparing theoretical curves with well log data, we find that the results are very sen-
sitive to the assumed mineral properties.  Figure 5 shows plots of Vp vs. Vs, Vp vs. Phi,
and Vs vs. Phi for the Ekofisk, Tor, and Hod Formations of Isak-1.  Superimposed are the
predictions of the ellipsoidal inclusion model, for average pore aspect ratios of [1, 0.3, 0.1,
0.03, 0.01].  For these curves, we assumed mineral bulk modulus, K � 65GPa , shear

modulus, � � 27GPa , and density, � � 2.71g /cm3 .  From the top two plots, it appears that
most of the data fall between aspect ratios ~.03 and ~02.  Looking closer, we see that the
Vp-Phi plot (top) shows data extending to about half way between the curves for aspect
ratios 0.1 and 0.3; in contrast, the Vs-Phi plot (middle) shows data falling only slightly
above the curve for aspect ratio 0.1.  Hence, there is an inconsistency with the model – it
does not make physical sense that the P-waves are seeing stiffer aspect ratios than the S-
waves.  The inconsistency is even more obvious in the plot of Vp-Vs (bottom).

_- -( - -( )) 
( ) -
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Figure 5.   Plots for the Ekofisk, Tor, and Hod Formations of Isak-1, showing the model
inconsistency resulting from a poor choice of mineral properties.
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Note that data from the Hod Formation (green) extend to very small aspect ratios, ~0.01,
while in the Vp-Phi and Vs-Phi plots, the Hod always falls above the curve for 0.03.  One
way to explain this discrepancy is that the Poisson’s ratio of the elastic mineral used for
modeling is not consistent with the observed Poisson’s ratio of the porous rocks.

Figure 6 shows the same type of plots as in Figure 5, but now with mineral properties ad-
justed to K � 67GPa , � � 23GPa, and density, � � 2.71g /cm3 .  The moduli were ad-
justed empirically to find model predictions consistent with both P- and S-wave velocity
data.  We now observe that the plots of Vp vs. Phi (top) and Vs vs. Phi (middle) show data
falling consistently in the aspect ratio range ~.03-.2.  The plot of Vp vs. Vs (bottom) shows
essentially the same range.  (In this plot the curves for larger aspect ratios (.1, .3, and 1)
cluster very close together, so it is difficult to conclude much about the higher end aspect
ratio suggested by the data.)  Hence, by adjusting the mineral moduli, we can find model
aspect ratios that are consistent with both P- and S-wave velocities at Isak-1.  It is interest-
ing that this single adjustment improved the consistency for all three formations, even
though the formations have different textures, pore shapes, and Poisson’s ratios.

Figure 7 shows the same type of plots as in Figures 5 and 6, but now for Jette-1.  Here,
model consistency with both Vp and Vs requires a different set of mineral properties,
K � 60GPa , � � 27GPa , and density, � � 2.71g /cm3 .

In summary, inference of pore shapes corresponding to the log data, based on the ellipsoi-
dal inclusion model is very sensitive to the choice of mineral properties.  We observed in
Figures 5 and 6 for well Isak-1 that adjusting the moduli from (K � 65GPa ,� � 27GPa ) to
(K � 67GPa ,� � 23GPa) has a large effect on the consistency of the models with P- and
S-wave data.  This adjustment caused a change in mineral Vp of only about ~1%, but a
change in mineral Vs of ~ 7%.

Similarly, model consistency required a change in mineral moduli between Isak-1 and
Jette-1.  Mineral Vp at Jette-1 is about 1% slower than at Isak-1, while mineral Vs at Jette-1
is about 7% faster than at Isak-1.

It is difficult to know how much of this discrepancy is a limitation of the idealized ellipsoidal
inclusion model.  Nevertheless, the Vp/Vs behavior of the data from the two wells shows
different trends, with Vp/Vs at Jette-1 generally lower than Isak-1.
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Figure 6.   Plots for the Ekofisk, Tor, and Hod Formations of Isak-1, showing improved
model consistency resulting from adjusted mineral properties.  Mineral bulk and shear
moduli used in the modeling are labeled in the figures.

7000 
0 Ekofisk 
0 Tor 

6000 Hod 

K=67 G'Pa 
5000 G=23 GPa 

D.. 4000 > 

3000 

2000 

1000 
0 0.2 0.4 0.6 0.8 

PHI 
3000 

0 Ekofisk 
0 Tor 

2500 Hod 

K=67 GPa 

2000 G- 23 GPa 

~ 1500 

1000 

500 

0.2 0.4 0.6 0.8 
PHI 

6000 

5500 

5000 

g;: 4500 0 01 

0 Ekofisk 

4000 0 Tor 
Hod 

0.03 

3500 K=67 GPa 
G=23 GPa 

3000 
1000 1500 2000 2500 

vs 



G E U S 14

Figure 7.   Plots for the Ekofisk, Tor, and Hod Formations of Jette-1, showing good model
consistency resulting from adjusted mineral properties.  Mineral bulk and shear moduli
used in the modeling are labeled in the figures.
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Comparison of Jette-1 and Isak-1 in the velocity-porosity
planes
Figure 8 compares plots of sonic Vp vs. Phi and Vs vs. Phi for the Ekofisk, Tor, and Hod
Formations in Isak-1 and Jette-1.  Predictions of the ellipsoidal inclusion model are super-
imposed, for average pore aspect ratios of [1, 0.3, 0.1, 0.03, 0.01].  As discussed above,
slightly different mineral moduli were used for each well, though the mineral Vp is virtually
the same.  The comparison suggests that the rocks from Jette-1 appear to span a much
larger range of pore shapes than the rocks in Isak-1 (although we will show below that this
is likely related to clay content).  Rocks of the Tor Formation (blue) show the cleanest trend
for both wells, and in Jette-1, the Tor seems to have significantly rounder, stiffer pores than
in Isak-1.  The Hod Formation in Isak-1 shows a very consistent Vp-Phi trend, with aspect
ratios between .03-.1, while the Hod Formation in Jette-1 is quite variable, spanning from
soft (~.01) to stiff (~1) pores (again, likely a clay effect).  The Ekofisk Formation shows a
range of pore aspect ratios in both wells, but the range is much larger in Jette-1, especially
extending to stiffer pore shapes, similar to the Tor.

Figure 9 compares plots of sonic Vp vs. Vs for the Ekofisk, Tor, and Hod Formations in
Isak-1 and Jette-1.  Predictions of the ellipsoidal inclusion model are superimposed.  Once
again the Tor Formation in Jette-1 appears to have stiffer pore space (large aspect ratios)
than in Isak-1, though in these axes the large aspect ratios are difficult to resolve.

What processes can lead to differences in pore stiffness?  One hypothesis is that earlier in
their burial histories, rocks from both the Isak-1 and Jette-1 wells had similar microstruc-
tures, with compliant grain-to-grain contacts.  As time went on, rocks in the Ekofisk and Tor
Formations of Jette-1 gained more cement preferentially deposited at the grain contacts.
This would account for some stiffer rocks in the Tor and Ekofisk Formations, but it does not
explain the overall larger range of porosities and the larger range of pore stiffnesses in
Jette-1.  A second hypothesis is that rocks in the different wells suffered different amounts
of strain or pore pressure, which created microcracks resulting in a softer pore space.  A
third hypothesis is that we are seeing elastic effects of clay in the dirtier Ekofisk and Hod
Formations.
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Figure 8.   Comparison of Vp vs. porosity in Isak-1 (top) and Jette-1 (bottom).  Predictions
of a rock physics model representing pores of various aspect ratios (numbers next to the
various curves) are superimposed.  Ekofisk Formation is highlighted in red, Tor in blue, and
Hod in green.
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Figure 9.   Log sonic Vp vs. Vs in Isak-1 and Jette-1.  Predictions of a rock physics model
representing pores of various aspect ratios (numbers next to the various curves) are su-
perimposed.  Ekofisk Formation is highlighted in red, Tor in blue, and Hod in green.
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Interpretations of differing mineral properties
In the previous sections we illustrated that consistency between the well log data and the
ellipsoidal inclusion models indicated different mineral properties in Isak-1 vs. Jette-1.  For
reference, the parameters that we used are shown in the table below.

Mineral properties used in elastic models of wells Isak-1 and Jette-1
Bulk Modulus (GPa) Shear Modulus (GPa) Density (g/cm3)

Isak-1 67 23 3.31
Jette-1 60 27 3.31

What might account for this difference?  One scenario that we consider is that well Jette-1
has more quartz present in the mineral matrix, possibly the result of precipitation from pore
fluids after deposition.

To test this idea, we modeled the average elastic properties for mixtures of quartz and cal-
cite, as shown in Figure 10.  In the figure, we plot average mineral bulk modulus vs. aver-
age mineral shear modulus.  No porosity is included in the modeling; we are only consid-
ering the average properties of the mineral matrix.  The average moduli were computed in
two different ways.  The thin black curves show the upper and lower Hashin-Shtrikman
bounds.  All mixtures of quartz and calcite, regardless of the way they are geometrically
arranged, must fall between these two bounds.  The bounds are very close to each other,
because the properties of calcite and quartz end members are elastically similar – within a
factor of two.

The red line shows the results of assuming a composite of equant grains of the two miner-
als, computed using the ellipsoidal inclusion model.  As expected for a physically realizable
model, the results fall between the Hashin-Shtrikman bounds.  We found that the results
were virtually independent of the assumed aspect ratios of the quartz and calcite, again the
result of quartz and calcite being elastically similar.  In both models, we took the properties
of the Isak-1 mineral as the calcite end member (point on the upper left of the graph, la-
beled Quartz fraction = 0); the properties of quartz were assumed to be K � 36GPa and
� � 45GPa (point on the lower right of the graph, label Quartz fraction = 1).  The properties
for the Jette-1 mineral that we determined by trial and error in the previous section, are
shown by a black dot.  Note that in fact, it corresponds very closely to the theoretically ex-
pected value for a mixture of 80% calcite and 20% quartz.

A second observation that we discussed in Figures 6 and 7 is that the rocks in Jette-1 ap-
pear to have stiffer pores than in Isak-1.  This again could be the result of quartz cementa-
tion, particularly if the quartz fills the thinnest cracks and grain contacts, resulting in a more
rigid pore space.
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Figure 10.   Theoretical predictions of the average modulus of calcite and quartz mixed in
different proportions.  The point on the upper left is for pure calcite and on the lower right,
pure quartz.  Predictions of the Hashin-Shtrikman bounds and the elastic inclusion model
give essentially the same result.  The Jette-1 mineral is consistent with 20% quartz.

Another aspect of the mineralogy is the effect of clay.  In general, clay tends to soften both
the bulk and shear moduli of rocks, and tends to increase the Vp/Vs ratio.  One of the ob-
servations of Figure 7 is that the Hod Formation in Jette-1 has a large apparent range of
aspect ratios, and a large Vp/Vs ratio.  We also observed in Figure 7 that the data in the Vp
vs. Vs plane have a large scatter relative to the ellipsoidal model curves.

Figure 11 shows the data from Jette-1, now color-coded by gamma ray.  The data are
shown for the Ekofisk, Tor, and Hod Formations together, as well as separately.  The clean
Tor Formation shows little variation with gamma ray.  However, the clay-bearing Ekofisk
and Hod Formations show a large variation in gamma ray, and a large variation in apparent
aspect ratios.  In fact, Figure 11 suggests that the data extending to the smallest aspect
ratio curves are probably reflecting the presence of clay, rather than a systematic change in
pore shape.
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Figure 11.   Plots of Vp vs. Phi in Jette-1, color-coded by gamma ray.  Plots of Ekofisk, Tor,
and Hod Formations are shown together (upper left) and separately.

Empirical models in the Vp-Vs plane
Additional insights into the effects of rock texture can be gotten by comparing Greenberg-
Castagna curves for sand and limestone lithologies, as shown in Figure 12.  Empirical
studies on clastics almost always indicate a linear relation between Vp and Vs extending
from the quartz mineral point, as illustrated by the blue Greenberg-Castagna sand line in
Figure 12.  In contrast, carbonates often show a quadratic relation, as illustrated by the
curved green Greenberg-Castagna limestone line.  A conceptual view of the corresponding
rock textures is that sandstones are made from an assembly of particles, while limestones
are calcite mineral, containing an assembly of holes.

Tsuneyama, et al. (2003) showed that, in contrast to most limestones, carbonate grain-
stones have Vp/Vs larger than expected from the usual Greenberg-Castagna curve; they
found that grainstone Vp-Vs follows a straight line extending from the mineral point, as il-
lustrated by the magenta line in Figure 12.  Since grainstones can be thought of as an as-
sembly of carbonate particles, texturally resembling a clastic, it is not surprising that the
corresponding Vp-Vs relation is linear.  In fact, we construct the grainstone line in Figure 12
by taking the sandstone line and scaling it by the ratio of calcite to quartz bulk and shear
moduli.
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Figure 13 shows Vp vs. Vs with the grainstone line (magenta) and Greenberg-Castagna
carbonate line (green), similar to Figure 12.  We now superimpose the Hashin-Shtrikman
upper bound (red), computed for calcite (K � 65GPa , � � 27GPa , � � 2.71g /cm3 ) and

water (K � 2.2GPa , � �1.02 g /cm3 ).  We see that the curved Greenberg-Castagna line
falls almost exactly along the upper bound, indicating that it represents essentially the stiff-
est possible pore space in calcite mineral.  Points plotting anywhere above this line repre-
sent rocks with softer pore space.

Figure 12.   Comparison of empirical Vp-Vs relations for sands and carbonates.  The em-
pirical Greenberg-Castagna line for sandstone is shown in blue, the Greenberg-Castagna
curve for limestones is shown in green, and a carbonate grainstone line is shown in dashed
magenta.

6000 

5500 

5000 

4500 

a. 4000 > 

3500 

3000 · 

2500 

Water-Saturated Carbonates 

Straight line from mineral point 

1500 2000 
Vs 

2500 3000 



G E U S 22

Figure 13.   Comparison of empirical Greenberg-Castagna curve for limestones with
Hashin-Shtrikman upper bound.

Figure 14 compares sonic Vp vs. Vs in Isak-1 and Jette-1, similar to Figure 4.  The empiri-
cal Greenberg-Castagna (1992) line for limestone (dark green curve) is shown for compari-
son.  We also show the carbonate grainstone line from Figure 12 (magenta;  upper plot)
and a gas-saturated line (dashed green; lower plot). We observe, as before, that the data
from the Ekofisk and Tor in Jette-1 are fairly consistent with the limestone line, while data
from Hod in Jette-1 and all formations in Isak-1 deviate in the direction of the grainstone
line.  This would suggest that a textural difference could account for the differences ob-
served between the two wells.

Figure 15 compares data from Isak-1 and Jette-1, one formation at a time.  The Greenberg-
Castagna lines for water and gas-saturated limestones are shown for reference.  In each
case the rocks in Isak-1 have larger Vp/Vs ratio than the corresponding formation in Jette-
1.  Also striking is that in each case the rocks in Jette-1 tend to have higher velocities and
span a larger range of velocities than the corresponding formations in Isak-1.

Figure 16 shows data for Isak-1 and Jette-1, color-coded by depth.  In Isak-1, there is a
fairly monotonic increase of velocities with depth.  However in Jette-1, the depth variation is
more complicated.  Rocks from the shallower Ekofisk and Tor Formations span the entire
range of velocities.  Data from the Hod Formation fall in the upper half of the velocity range,
though within the Hod, there is not a systematic increase of velocity with depth.
Figure 17 shows data from Isak-1 and Jette-1, again color-coded by depth.  Ellipsoidal in-
clusion models are superimposed.  In Isak-1, there is no apparent change of pore shape
with depth, even though the velocities increase systematically with depth.  This can corre-
spond to a systematic decrease in porosity with depth, without a significant change in pore
shape.  In Jette-1, there is a stiffening of pore shape with depth within the Tor Formation,
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and again within the Hod Formation.  This stiffening within each of the formations seems to
occur without a systematic decrease of porosity with depth.

Figure 14.   Comparison of empirical Vp-Vs relations for sands and carbonates.  The em-
pirical Greenberg-Castagna curve for limestones is shown in dark green (water-solid, gas-
dashed), and a carbonate grainstone line is shown in dashed magenta.  Data from the
Ekofisk Formation is shown in red; the Tor in blue; and the Hod in green.
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Figure 15.   Comparison Isak-1 and Jette-1, for each Formation. Greenberg-Castagna
curves for limestones (water: solid; gas: dashed) are superimposed.
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Figure 16.   Comparison Isak-1 and Jette-1, color-coded by depth.  Greenberg-Castagna
curves for limestones (water: solid; gas: dashed) are superimposed.
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Figure 17.   Comparison Isak-1 and Jette-1, color-coded by depth.  Ellipsoidal inclusion
models are superimposed.
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The acoustic impedance – Poisson’s ratio plane
Finally, we compare data from Isak-1 and Jette-1 plotted as acoustic impedance vs. VpVs
ratio (Figure 18) and Poisson’s ratio (Figure 19).  Both planes highlight the differences in
apparent pore stiffness and velocity that we have been discussing.
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Figure 18.   Log Vp/Vs vs. acoustic impedance in Isak-1 and Jette-1.  Ekofisk Formation is
highlighted in red, Tor in blue, and Hod in green.  Ellipsoidal pore models are superim-
posed.
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Figure 19.   Log Poisson’s ratio vs. density porosity in Isak-1 and Jette-1.  Ekofisk Forma-
tion is highlighted in red, Tor in blue, and Hod in green.  Ellipsoidal pore models are su-
perimposed.
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Summary

Differences between the sonic log data from wells Jette-1 and Isak-1 have been observed
in the chalks of the Ekofisk, Tor, and Hod Formations. Both P- and S-wave velocities in
Jette-1 tend to be larger than in Isak-1, while the Vp/Vs ratio is smaller in Jette-1. Compari-
son with rock physics ellipsoidal pore models suggest that the chalk in Jette-1 have stiffer
pores than in Isak-1 and that the mineral end-point properties are different for the two wells.
The moduli were adjusted empirically to find model predictions consistent with both P- and
S-wave velocity data because the ellipsoidal inclusion model is very sensitive to the choice
of mineral properties. The mineral moduli for Isak-1 were found to be K=67 GPa, G=23
GPa and those for Jette-1 K=60 GPa, G=27 GPa. Taking the properties of the Isak-1 min-
eral as the calcite end-member, the Jette-1 properties correspond to the theoretically ex-
pected value for a mixture of 80% calcite and 20% quartz. If the quartz fills the thinnest
cracks and grain contacts the result would be a more rigid pore space and thus explain that
the chalk in Jette-1 have stiffer pores than in Isak-1. The clean Tor Formation has little
variation with gamma ray, whereas the clay-bearing Ekofisk and Hod Formations have a
large variation in gamma ray and a corresponding spread in Vp vs porosity (apparent as-
pect ratios). This spread thus probably reflects the presence of clay, rather than a system-
atic change in pore shape. Velocities in Isak-1 increase monotonically with depth without a
significant change of pore shape (porosities decreasing from 25% to less than 10%), while
in Jette-1 the velocities are not well correlated with depth.
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Introduction

For the purpose of analysing the suitability of high resolution stacking velocities as support
for the construction of low-frequency models, a subset a velocity cube has been investi-
gated. Low-frequency models are needed in connection with inversion of seismic data for
acoustic impedance, because low frequencies, and thus the absolute level of the acoustic
impedance, are not directly contained in the seismic data. To overcome this problem, stan-
dard stacking velocities, horizontal velocity analysis (HVA) data or more sophisticated
processed data (as used here) may be utilised in this construction. The velocity cube used
in this study has been produced by GX-Technology EAME Ltd. in august 2003 in connec-
tion with a pre-stack depth migration (PSDM) processing of a 3-D seismic data set covering
the entire South Arne Field. A subset of this cube covering the north-eastern quadrant
around the Rigs-2 and Modi-1 wells has been selected for the analysis (Fig. 1).

Figure 1.   Top chalk depth structure map interpreted directly on PSDM data. The mapped
area shows the extent of the subset 3-D velocity data-set analysed in this report.
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In order to get a precise sampling of the velocity-cube, the Top Chalk, Top Tor and Base
Chalk reflectors have been re-interpreted on the PSDM data that are depth converted with
a velocity field contained in the analysed velocity cube. In order to reduce the data volume
while still maintaining a representative sampling, only every eight trace has been included
in the analysis (original line and trace interval is 12.5 m). The sample rate is 10 m, the line
number interval is 2986 – 3216, and the trace interval is 1480 – 1690.

Figure 2.   West – east seismic section across the analysed sub volume. As opposed to
the data used in this report, this section is in two-way time. The red vertical line shows the
position of the Rigs-2 well, and the green is the Modi-1 well location.

The selected seismic velocity data set covers a considerable depth range (Figs. 1 and 2),
and the data should ideally capture any depth dependency of velocity. The volume also
straddles fully oil saturated reservoir sections (around Rigs-2), residual oil saturations
(around Modi-1) and presumably fully brine saturated rock (east of Modi-1). In order to give
an impression of the data set Figure 3 shows the seismic traces included in the analysis.
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Figure 3.   The analysed data set with colour-coding showing depth in metres  to Top
Chalk (upper), Top Tor (middle), and Base Chalk (lower). Every dot corresponds to a seis-
mic trace included in the analysis (every 8th trace corresponding to 100 m intervals). NW is
to the right. Y-axis is cross-line number.
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The Tor Formation
The seismic velocities of the Tor Formation show the expected depth dependency from the
depth-variation in the sample volume (compare Figs 1, 2 & 4). We can compute an average
velocity-depth gradient, k (m/s/s = 1/s) from the densest parts of the data cloud in Figure 4:
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This estimate matches the normal velocity-depth trend of Japsen (1998, 2000) that predicts
a gradient of 2 1/s for chalk velocities around 3000 – 3500 m/s.

Figure 4.   Seismic velocities from the Tor Formation in the 3-D data set within the studied
sub volume. The analysed depth interval can also be seen on Fig. 3 top and middle panel.
Horizontal striation is due to the 10 m sample rate in the traces.

The overall mean Tor Formation velocity in the extracted data set is 3477 m/sec, which is
much below what would be expected from the present depth when compared to the normal
velocity depth trend for chalk (Fig. 5; Japsen 2000). The chalk formation overpressure in
the Rigs-2 well is in the order of 14.8 MPa according to the completion report and 14.5 ac-
cording to Dennis et al. (2004). Assuming overburden densities of around 2000 kg/m3 and
1000 kg/m3 for bulk rock and water a correction for over-pressure would result in a depth
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shift of 1450 m (see Japsen 1998). However, the depth shift of 1800 m is needed to obtain
a match between the data and the normal velocity depth trend (Fig. 5). After this depth shift
we observe that the depth trend in the stacking velocity data mimics that of the normal
compaction depth trend.

Observed average Tor Formation velocity in the high-porous parts of the Rigs-2 well is
around 2600 m/sec (117 ms/ft; Fig. 6) corresponding to porosities exceeding 40%. This
velocity ties well with the stacking velocity (dot in Fig. 5), and it appears that the interpreted
stacking velocities have been calibrated with the Rigs-2 data. The velocities are, however,
too low as compared to the normal velocity-depth trend even after correction for overpres-
sure. The discrepancy corresponds to a depth shift of c. 300 m (1800 m – 1500 m) that
may reflect a considerable preservation-effect from early hydrocarbon invasion at a time
when the effective stress was less (corresponding to 300 m more shallow burial). Likewise
the high porosity in Rigs-2 may be interpreted to reflect early hydrocarbon migration (Han-
sen 2003, Vejbæk et al. 2005).

Figure 5.   Original stacking velocities for Tor Formation data are here shown in red. After a
depth shift of 1800 m, the population (in magenta) falls on the normal velocity – depth trend
(from Japsen 2000).

In Figure 5 we observe that the velocity-level from Rigs-2 continues down-dip with a steady
gradient. However, the nearby Iris-1 well does not match the level of the stacking velocities,
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but is exactly consistent with the normal velocity-depth trend after correction for over-
pressure.

Also studies by Hansen (2003) suggest the abnormally high porosities in Rigs-2 (and thus
the low velocities), to result from early hydrocarbon invasion effects, and to vanish already
in the Modi-1 well where porosities in the Tor Formation are around 20%. The Modi-1 well
lacks sonic log data, and contain residual oil saturations (Sw ~80%). It may be surmised
that the transition from the crestal parts of the South Arne structure where hydrocarbon
preserving effects are important to where they do not occur is likely to be rather abrupt. It is
possible that the velocity analysis is incapable of handling such abrupt changes. It thus
appears that too much emphasis has been placed on the Rigs-2 well in the construction of
the velocity cube. A low-frequency model for acoustic inversion constructed on the basis of
the velocity cube is thus expected to be erroneous.

Figure 6.   Rigs-2 logs. Note that sonic logs are reciprocal velocity values.
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Figure 7.   Mean Tor Formation stacking velocities with Top Chalk depth contours from Fig.
1 superimposed. Each square is the average velocity in one trace. Average velocities are
clearly following depth variations smoothly.

The Ekofisk Formation
An analysis similar to that for the Tor Formation has been applied to the Ekofisk Formation
(Fig. 8). The stacking velocities are also quite low, and a depth correction of 1800 m is
needed to align the data with the normal velocity dept trend (Fig. 9). The velocities for the
Ekofisk Formation are also below the expected for this depth, corresponding to too high
porosities. Mean Ekofisk velocity in the cube is, however even lower than for the Tor For-
mation, at 2710 m/sec. When looking at the Rigs-2 well data, porosity is not quite as high
on average as in the Tor Formation in spite of lower velocities. It may therefore be sur-
mised that the stacking velocity cube, like the well-log velocity data (Fig. 6), are reflecting a
higher clay content than the Tor Formation.
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Figure 8.   Stacking velocities for the Ekofisk Formation extracted from the velocity cube
within the area depicted in Fig. 1. Horizontal striation is due to the 10 m sample rate in the
traces.

Figure 9.   Original stacking velocities for Ekofisk Formation data are here shown in red.
After a depth shift of 1800 m like for the Tor Formation, the population (in magenta) falls on
the normal velocity – depth trend (from Japsen 2000).
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Figure 10.   Mean Ekofisk Formation stacking velocities with Top Chalk depth contours
from Fig. 1 superimposed. Each square is the average velocity in one trace. Average ve-
locities are clearly following depth variations smoothly, but velocities are slightly lower than
for the Tor Formation (compare Fig. 7).

Discussion
In the above analysis we have concluded that the velocity cube obviously is affected by the
Rigs-2 well data, and that this well is likely to represent a local anomaly in terms of porosity
and velocity. This porosity anomaly is suggested to be the result of early oil charging in the
Rigs-2 well and its immediate vicinity. Therefore the down flank prediction of the Tor and
Ekofisk formation velocities from the seismic data is expected to yield too low velocities as
also hinted by the Iris-1 well velocities. However, it could be argued that the low velocities
are just an effect of oil charging, and not hydrocarbon preserving effects. Even in Modi-1,
residual oil saturations were encountered (Sw ~80%) which due to the non-linear effect of
mixed fluid compositions would lower moduli and velocity almost as much as the fully oil
charged chalk (Sw <20%). In order to investigate this assertion, some simple fluid substitu-
tion calculations have been done using the properties listed in Table 1.

As stated above, the porosity in the Tor Formation in the Rigs-2 well is around 40% with a
P-wave velocity close to 2600 m/sec. The water saturation in the well is well below 20%
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and substitution to 80% brine has almost no effect as consistent with the highly non-linear
effects of fluid mixtures on velocity. Replacing fluids to 100% brine has some effect by in-
creasing to 2800 m/sec. The present Tor Formation depth in Rigs-2 is around 2800 m and
a correction for over-pressure results in an effective depth of close to 1400 m. The normal
velocity depth trend should be 3620 m/sec. The early hydrocarbon preserving effect on
velocities in Rigs-2 may thus be estimated to be around 820 m/sec equivalent to around
400 m of burial. Fluid effects alone are thus not capable of explaining the too low velocities
observed in the velocity cube down dip of the Rigs-2 well location.

�

(g/cm3)
K
(GPa)

G
(Gpa)

Oil 0.633 0.52 0
Water 1.035 2.96 0
80% brine 0.955 1.53 0
Chalk 0% 2.710 71.00 30

Table.1: Properties in the form of density (�), bulk modulus (K), and shear modulus
(G).

Porosity 100%
brine

80%
brine

0.2 Vp (m/s) 4400 4.277
Vs (m/s) 2300 2.308
Rho (g/ccm) 2.375 2.359
K (GPa) 29.22833 26.405
G (GPa) 12.56375 12.564

0.4 Vp  (m/s) 2800 2.555
Vs  (m/s) 1400 1.411
Rho (g/ccm) 2.04 2.008
K (GPa) 10.6624 7.771
G (GPa) 3.9984 3.998

Table 2: Calculated properties for Rigs-2 type chalk for two different porosities at
two different fluid compositions.

Summary
The seismic velocity cube is clearly strongly tied up well data from the Rigs-2 well, and this
may result in propagation of the properties of the chalk in this well down-flank. The velocity
at the Rigs-2 well location is seen to be smoothly continuous with the entire east flank ve-
locity distribution such that only a gradual depth dependency is seen. If velocities are depth
shifted 1800 m, this depth dependency is nicely consistent with the normal velocity depth
trend for chalk. However, the Rigs-2 well (and immediate vicinity) is most probably a local
anomaly due to porosity preservation from early hydrocarbon invasion. The high porosity
and low velocity encountered in both Tor and Ekofisk formations in this well are thus a local
anomaly little lateral extent. The down flank velocity prediction from the seismic velocity
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cube is therefore expected to be wrong. Velocities in the Rigs-2 well are over 1000 m/sec
too low compared to a normal velocity depth trend even considering overpressuring. Of
these 1000 m/sec about 200 is attributed to fluid effects (oil content) leaving about 800
m/sec to be attributed to porosity preservation from early hydrocarbon invasion. This figure
corresponds to about 400 m of burial. The porosity preservation effect from early hydrocar-
bon invasion is removed by subtracting 400 m from the first depth shift of 1800 m (above).
This leaves a depth shift of 1400 m consistent with observed overpressure.
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