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ABSTRACT: Heterolithic lithofacies in the Jurassic Tilje Formation, offshore
mid-Norway, consist of three components – sand, silt and mud intercalated at the
centimetre scale – and are generally difficult to characterize petrophysically with core
and wireline data. A near-wellbore model of the lower part of the Tilje Formation in
the Heidrun Field is constructed to illustrate the application of these results to
formation evaluation studies. The sedimentological model is developed by detailed
parameterization of a cored well interval and the petrophysical properties are based
on core plug data, taking into account sampling bias and length scale. The variation
in petrophysical properties as a function of sample volume is examined by
calculating the representative elementary volume. The sensitivity of the represen-
tative permeability values to the contrast between the three components is studied
and gives a better understanding of the flow behaviour of this system. These results
are used to rescale the core plug data to a representative value and thereby quantify
the uncertainty associated with the wireline-based estimates of porosity and
horizontal permeability and to give an improved estimate of the kv/kh ratio.

KEYWORDS: petrophysics, permeability, porosity, heterolithic sandstone

INTRODUCTION

Sedimentary architecture causes heterogeneity at many scales,
which can affect reservoir performance (e.g. Haldorsen 1986).
At the bedding (sub-metre) scale, primary sedimentary struc-
tures can influence the flow properties significantly, as has been
shown for a range of sedimentary systems (Weber 1982; Hurst
& Rosvoll 1991; Corbett & Jensen 1993; Hartkamp-Bakker &
Donselaar 1993). These studies show that porosity and per-
meability are controlled strongly by depositional processes
through their influence on grain size, sorting and fabric.
Because of computational limits on the number of grid-cells in
reservoir simulation, small-scale sedimentary structures cannot
be included explicitly, but have to be represented by effective or
representative values.

The problem of integrating data with different sample
support in heterogeneous reservoirs has also been appreciated
widely (Haldorsen 1986; Enderlin et al. 1991; Worthington
1994; Corbett et al. 1998). In particular, the integration between
core data (usually represented by discrete core plugs) with
continuous wireline data is challenging since heterogeneities are
often on the same scale as the measurement resolution. To
integrate the two datasets, the normal approach is to upscale
the measurements with the smallest sample support to the scale
of the larger.

Methods for generating numerical models of the subsurface
domain are reviewed by Koltermann & Gorelick (1996).
Population of these models with petrophysical properties and
calculating the effective flow properties at a larger scale can be

done in a variety of ways (Renard & Marsily 1997). For simple
geometries (e.g. a stratified medium) exact analytical solutions
can be found. In more complex cases, numerical methods can
be used to estimate effective properties. Usually, only two
component systems (sand and mud) are evaluated (Begg &
King 1985; Desbarats 1987; Deutsch 1989; Durlofsky & Chung
1990).

Regardless of the upscaling technique, the question remains
as to what scale should the measurements be rescaled. Bear
(1972) introduced the concept of Representative Elementary
Volume (REV). This is based on effective medium theory,
which assumes that the correlation lengths are shorter than the
model domain. If the sample support is small compared to the
length scale of the heterogeneity, the measured value will vary
with a change in the support since varying degree of hetero-
geneity is included in the sample volume. At some scale (the
REV), the fluctuations are minimized and a representative
amount of heterogeneity can be measured (Fig. 1).

The tidal deltaic Tilje Formation (Martinius et al. 2005), is
particularly heterogeneous and exhibits variability at many
scales. Brandsæter et al. (2001) showed that the ratio between
vertical and horizontal permeability (kv/kh ratio) was one of the
most important parameters influencing oil recovery in this
formation. At the bedding scale, thin intercalations of mud-
stone and sandstone layers have a strong influence on the flow
properties (these two lithological components are hereafter
referred to as sand and mud). These facies are dominated by
heterolithic current ripple bedforms which have been described
as flaser, wavy or lenticular bedding (Reineck & Wunderlich
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1968). Flaser and lenticular bedding represent end-members of
a range of tidal bedding types, with discontinuous mud lamina
and discontinuous sand ripples, respectively. Wavy bedding

describes more regular interbedding with approximately equal
amounts of sand and mud. These millimetre- to centimetre-
scale heterogeneities are not well characterized by the core plug
or the wireline log measurements. Core plug measurements are
at a volume scale below the characteristic length scale of the
heterogeneity and the wireline logs tend to average out the
responses from the different lithological components present.
Integration between these two datasets is, thus, problematic.
Figure 2 shows the studied interval of well H1 from the lower
part of the Tilje Formation in the Heidrun Field. This figure
shows that the petrophysical variability is high, both within and
between the different facies associations, such that there is in
general a mismatch between the core and the wireline values.

This paper considers these problems using a process-based
stochastic modelling tool (SBED) (Wen et al. 1998). With this
method, a realistic near-wellbore model is created. The near-
wellbore model is defined here as a numerical representation of
the sedimentological components and petrophysical properties
in a rectangular shaped volume along the wellbore with a lateral
dimension on the scale of the conventional wireline tool
resolution. This also corresponds approximately to the lateral

Fig. 1. Concept of Representative Elementary Volume (REV). In
this paper, the microscopic domain refers to the scale from lamina to
bed set, while the macroscopic domain to a scale larger than the
lithofacies (modified after Bear 1972).

Fig. 2. Core data and wireline estimate from the studied interval in the Tilje Formation. The facies associations are from Martinius et al. (2001).
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correlation lengths of the sedimentological and petrophysical
elements in tidal facies. To be able to evaluate the tidal bedding
system in general, a range of bedding models with different
mud contents was created. Permeability is shown to vary with
the sample volume and the REV can be calculated on these
models. Furthermore, the sensitivity of flow behaviour to the
permeability contrast between the different lithological com-
ponents is explored. Finally, the near wellbore model is used to
quantify the uncertainty associated with traditional averaging of
core and wireline data to give improved estimates of the
petrophysical properties in the studied interval.

THE NEAR-WELLBORE MODEL

Modelling of small-scale (centimetre–decimetre) sedimentologi-
cal bedforms has been studied widely and pioneering work on
synthetic bedform modelling was published by Rubin (1988).
The SBED method was developed by Wen et al. (1998) and
makes a significant step towards a petrophysically useful
method by extending the approach of Rubin (1988) to include
stochastic elements and 3D property modelling. The method
used in SBED is based on manipulation of the following
surface function:

z(x,y)t = AsinS x
Lx

+ UxD + BsinS y
Ly

+ UyD + g(x,y) (1)

where x and y are spatial coordinates, t is a nominal time
increment, A and B are amplitudes of the bedform in the
current (x) and crest (y) directions, Lx and Ly are wavelengths
of the bedform in the current and crest directions, Ux and Uy
are initial phase angles (radians) and g(x,y) is a 2D Gaussian
random function. The input parameters to the program
describe the bedform morphology in cross-section and plan-
view (by a sine-function) and also how the surfaces move
in space and time by vectors to mimic bedform migration
(Fig. 3a). The displacement creates a 3D volume separated by
the surfaces giving a simulated lamina (Fig. 3b). After a
sequence of surfaces representing a lamina set, z(x,y)t=n, a
hiatus is simulated and erosion by a new time series is initiated
(i.e. a new lamina set). The migration of bedforms, which in
nature is a result of periodic avalanching and suspension fallout
on the bedform lee- and stoss-side, is simulated here by
displacement of successive sine curves. This is a simpler
approach than process-based methods in which grain depo-
sition is simulated. The input parameter set comprises a set of
values to give a particular type of sedimentary bedform. The
stochastic elements of the code reflect the natural variability in
the deposits and ensure that a number of equiprobable realiz-
ations of the bedform model can be generated. Figure 3c shows
an example of a realization of a geometry model. Statistical
parameterization of the sedimentological observations from
core gives the opportunity to determine the mean value of the
deterministic part of the code while allowing the natural
variability to be included in the stochastic elements. Table 1
gives some of the sedimentological parameters considered for
this interval. The key parameters are the geometry, thickness
variation and frequency of the mud layers, since these will have
a strong influence on the vertical and horizontal permeability.
Also listed in Table 1 are the main input parameter groups that
are used to mimic the depositional process.

Within this geometrical bedding framework, petrophysical
properties (porosity and permeability) are simulated using
correlated 2D Gaussian random fields. On the resulting
permeability grid (Fig. 3d), directional flow is simulated
numerically by imposing a constant head gradient between

opposite sides of the model and no-flow boundaries on the
perpendicular sides. The single-phase steady state flow equation
is then solved by a finite-difference method (described by
Warren & Price 1961; White & Horne 1987; Renard & Marsily
1997). By rotating the boundary condition set-up and repeating
the flow simulation, the diagonal elements of the permeability

Fig. 3. (a) Schematic sketch of the generation of lamina surfaces in
SBED between the t=1 and t=2 in the time series of equation (1).
The grey area is the preserved lamina and the arrow indicates the
vector that displaces the surface to mimic bedform migration. Note
that the y-direction is not shown and that the preserved lamina is
a 3D volume. (b) Simulated 3D sand and mud lamina set in SBED.
(c) A realization of a sedimentological model. The three different
lithological components present in the geometrical model can be
clearly seen; sandstone (yellow), siltstone (brown) and mudstone
(blue). (d) A realization of a permeability model. The model size in
(c) and (d) is 30�30�10 cm.

Table 1. Recorded sedimentological core data (left) and main input parameter groups in

SBED (right)

Core parameters Geometrical input parameters

Lamina thickness (mean and stan-
dard deviation)

Bedform morphology (plan form
and cross-section)

Sand/Mud lamina set thickness
(mean and standard deviation)

Migration speed and direction

Periodic components (wavelength
and amplitude)

Depositional rate and length for
sand and mud

Bedding type (i.e. geometry of mud
layers)

Characterization of a heterolithic tidal reservoir interval 19



tensor are found (denoted here as kx, ky and kz). Since porosity
is an additive property (Narasimhan 1983), the bulk porosity of
the bedding model is found simply by taking the arithmetic
average of the individual grid-cell values.

In this study only single-phase flow has been considered.
However, where sedimentary structures have a significant
effect on single-phase permeability, the multiphase effect on
permeability is likely to be even greater. Multiphase flow aspects
also need to be considered in reservoir studies and Pickup et al.
(2000) performed two-phase upscaling on similar synthetic tidal
bedding models as used here.

Bedding geometry model

The geometrical model represents the sedimentological features
observed in the core, such as the lamina and lamina set
characteristics (Table 1). After dividing the core into lithofacies,
a detailed log of mud content and lamina set thickness
distribution within the cored interval was made and these
statistics were then used to develop the bedding models. To
illustrate the modelling method, lithofacies 7.1 from the upper
part of Figure 2 was selected. Ringrose et al. (2005) consider
the entire interval in Figure 2 for estimation of vertical
permeability. The selected lithofacies is interpreted as an
accretionary channel bank deposit (Martinius et al. 2001) and is
dominated by flaser-bedded deposits separated by thicker mud
layers. The number and thickness of the mud and sand lamina
sets (Table 2) were considered to have an important control on
effective permeability. In order to ensure that the near-wellbore
model of this lithofacies is realistic, the same parameters
were measured on the numerical model. A realistic model
is obtained when the two datasets are similar statistically
(Table 2). Figure 4 shows part of this interval with one
realization of the near-wellbore model. Table 3 gives the
petrophysical parameters for this specific facies, while Table 4
gives the geometrical input parameters.

The petrophysical model

Each grid-cell in the model has a constant lateral dimension
(1�1 cm) and a vertical dimension related to the lamina
thickness (usually at the millimetre scale, see Fig. 3) and is, by
definition, an isotropic and homogeneous petrophysical
element. The model dimensions are 0.3 m � 0.3 m � 0.3 m

and consist of c. one million cells. The grid-cell scale is
approximately the scale of the probe-permeameter device,
c. 2–5 mm (Halvorsen & Hurst 1990; Ringrose et al. 2005). One
detailed probe-permeability grid was available in the selected
lithofacies. The main direct measurements of porosity and
permeability are, however, the core plugs. In order to constrain
the petrophysical model to data, the process of taking core
plugs with 30 cm spacing was simulated from the SBED model.
The input petrophysical properties were then adjusted until a
match was obtained between the real core plug dataset and the
simulated core plug dataset. The simulated core plugs have the
same dimension and orientation as the real core plugs and
consist of approximately 600–800 grid-cells, depending on the
lamina thickness. There are limitations to this approach. First,

Table 2. Core statistics for sand and mud lamina set thickness in the selected lithofacies

7.1

Component Parameter Core Simulation

Sand lamina set n 11 117
Arithmetic average 20.14 21.1
Standard deviation 18.64 1.98
Median 15.9 21
Mode N/A 21
Minimum 2 20.5
Maximum 59.2 42.2
Total (cm) 221.5 2468.4

Mud lamina set n 11 117
Arithmetic average 0.68 0.421
Standard deviation 0.35 0.18
Median 0.8 0.4
Mode 0.8 0.5
Minimum 0.1 0.1
Maximum 1.2 0.9
Total (cm) 7.5 49.2

Sand fraction 0.967 0.98
Number of mud layers per metre 4.8 4.65

Fig. 4. Core photo and 3D near-wellbore model of the selected
lithofacies 7.1 (see Fig. 2 and Table 4). The cylinders indicate the
positions of the vertical and horizontal core plugs and the arrows
indicate the thick mud layers. Note that the core plugs do not
generally sample the mud layers (biased samples).

Table 3. Petrophysical input parameters used; mean (standard deviation)

Sand
component

Silt
component

Mud
component

(mD) (mD) (mD)

Sand–silt contrast 1: 1 100 100 0.01
Sand–silt contrast 1: 2 100 50 0.01
Sand–silt contrast 1: 5 100 20 0.01
Sand–silt contrast 1: 10 100 10 0.01
Sand–silt contrast 1: 100 100 1 0.01
Sand–mud contrast 100 100 100 1
Sand–mud contrast 10�1 100 100 0.1
Sand–mud contrast 10�2 100 100 0.01
Sand–mud contrast 10�3 100 100 0.001
Sand–mud contrast 10�4 100 100 0.0001
Sand–mud contrast 10�5 100 100 0.00001

Lithofacies 7.1
(Figs 4, 5 and 11)

Mean ln 6 (0.2)
StDev ln 1.2 (0)

Mean ln 4.5 (0.2)
StDev ln 1 (0)

0.01 (0)

K. Nordahl et al.20
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there should be a sufficient number of real core plugs from
each facies to produce a stable histogram. Secondly, the real
core plugs are often taken from the more sand-rich zones,
avoiding the mud layers (see Fig. 4), but the simulated core
plugs are unbiased. Thirdly, several solutions are possible by
changing the mean or variance of the input distribution (i.e. the
solution is not unique). This is especially the case for porosity.
The input permeability has to match both the upscaled vertical
and horizontal core plug distributions, giving a better constraint
to the options available. Figures 5a and b show the results of

this method for horizontal permeability and porosity, respect-
ively, for the selected facies in the interval. There is a good
match between the simulated and the real core plug dataset,
both validating the petrophysical model and giving the
three-component distribution of porosity and (isotropic)
permeability. Figure 5a also shows the available probe
permeameter data and the distribution is similar to the distri-
bution of the sand and silt components. Table 3 gives the
petrophysical parameters for these curves and Figure 4 shows a
realization of the final bedding model for the selected facies.

Fig. 5. Comparison between the core
plug data (black bars) and the simulated
core plugs (cross-hatched bars) for
(a) horizontal permeability and
(b) porosity. The solid (silt) and dashed
(sand) curves show the input
distributions that were used to obtain
the simulated core plug distribution.
The input porosity distribution was
truncated at 50% porosity. The mud
component was given a low and
constant value (grey bar). In addition,
inserted in (a) is the probe-permeameter
distribution, which has approximately
the same variability as the input sand
and silt curves.
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Even though there is an acceptable match between the core
plug values and the model results, the latter tend to have slightly
lower variability than the former. This is mainly because it is
not possible to include all natural variability in geometry and
petrophysics. For example, diagenetic features and fractures are
not included in the synthetic bedding models. Although the
Tilje Formation in the Heidrun Field is not severely affected by
diagenesis, in other cases diagenesis could be equally important
as the influence of the primary sedimentary structures. How-
ever, it is considered that the near-wellbore model created
here captures the most important features affecting the
bedding-scale petrophysical properties.

There are few reported measurements on the mud com-
ponent from these intercalated bedding types, but Ringrose
et al. (2005) discuss plausible values for mud permeability. A
constant value of 0.01 mD is chosen here and then the
sensitivity to this parameter on effective vertical and horizontal
permeability is evaluated. Although 0.01 mD may be a rather
high permeability for mud, for single-phase simulation it is
the contrast between the lithological elements that is most
important.

PETROPHYSICAL VARIABILITY WITH SAMPLE
SUPPORT

Several theories have been developed to estimate effective
properties of heterogeneous media. In simple geometrical cases
exact solutions exist and, for infinite, continuous parallel layers
the horizontal and vertical effective permeabilities are given by
the arithmetic and harmonic averages, respectively. In the case
of a random, uncorrelated, isotropic lognormal permeability
distribution, the geometric average has been shown to give a
good estimate (Warren & Price 1961). Although these estimates
are useful, they do not generally apply to real sedimentary
deposits, which often show more complex geometry and
variability. Effective media theories assume that the hetero-
geneity can be modelled as an inclusion embedded in a
homogeneous matrix. If the inclusion has a simple form,
analytical expressions for permeability can be calculated (e.g.
Dagan 1979). In percolation theory, assuming two components
where one is impermeable and the components are dis-
tributed randomly in space, the threshold for flow can be
evaluated as a function of the conducting component (e.g. Begg
& King 1985). Randomly dispersed shales in a sandstone
medium were evaluated numerically by Desbarats (1987), who
showed that the effective permeability depends on the shale
volume fraction, the spatial correlation structure and the
dimensionality of the flow system. Deterministic modelling of
sedimentary structures has also been performed (e.g. Corbett
et al. 1992; Pickup et al. 1995; Ringrose et al. 1999), where the
main focus was on fluvial and aeolian deposits. In these
previous studies, only two components (sand and shale or two
types of sand) were considered. The assumption of a two-
component system is a simplification of tidal deposits since the
sand lamina set consists of both sand and silt-sized particles
organized as cross-stratification in addition to the mud com-
ponent. In addition, both the sand and the mud components
are highly spatially correlated in these tidal deposits.

When the correlation lengths of the different components
are smaller than the model domain, a property measured on a
sub-domain will depend on the size, position and orientation of
this sub-domain. Bear (1972) showed that at some sample
support (the REV), the variability is minimized and a represen-
tative property could be measured (Fig. 1). Norris & Lewis
(1991) calculated in 2D the representative elementary area
(REA) for a range of tidal facies based on binary images of an

outcrop sample and found that for horizontal permeability the
same REA applied regardless of the mud content. Jackson et al.
(2003), dividing heterolithic rock cubes into smaller samples,
showed that the effective property in 3D could be estimated
with simple averaging schemes and that the choice of estimator
depended on bedding type.

In order to evaluate the fundamental properties of the
heterolithic bedding system, a set of models with different mud
fraction was developed, ranging from sand-dominated flaser
bedding to mud-dominated lenticular bedding. Baas (1994)
studied the development of ripple morphology in unidirectional
flow using flume tank experiments and found that ripples
approached an equilibrium size and shape with either increasing
current velocity or depositional time. Oost & Baas (1994) also
evaluated the effect of unsteady flow (common with tidal
currents) in the bedform morphology development. These
experimental results have been used to constrain the input
parameters for the numerical model, thereby obtaining realistic
geometries. The geometrical input parameters for these general
tidal bedforms are found in Table 4.

First, to evaluate how the petrophysical properties vary with
sample support, and to isolate the effect of geometry and mud
fraction, a two-component system (sand and mud) was used,
where the petrophysical contrast between the components was
constant and equal to 104 (sand permeability of 100 mD and
mud permeability of 0.01 mD). Smaller sub-models were then
extracted from the larger-scale model in a systematic manner,
where the sub-grid size (i.e. sample volume) is increased in a
cubic series (in 30 steps) from the smallest sample in the centre
of the realization to the full size (0.33 m3). There was no
observed dependency on the location of the centre point of the
sub-grids. The effective permeability for each sub-grid was then
calculated for the vertical direction (kz) and in the horizontal
direction along the migration direction for the ripples (kx). A
total of 12 different bedding models (with ten realizations of
each) with varying mud content were used and Figure 6 shows
all the results from the simulation where each square represents
a specific mud content and sample volume. Note that there is a
larger spread in upscaled permeability (more than two orders of
magnitude) for certain ranges, namely below 40% mud fraction
for vertical permeability and above 70% mud fraction for
horizontal permeability. This indicates that the effective per-
meability is dependent on the sample size in these mud fraction
ranges. Figure 7 shows the effective vertical permeability vs.

Fig. 6. Simulated horizontal (kx, white circles) and vertical (kz, white
squares) permeability, representing different sample volumes and
mud contents (total of 3600 data points). The values measured at the
REV are marked by black squares (kz) and circles (kx). The solid
lines represent the harmonic, geometric and arithmetic averages.
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sample volume for one of these models; a flaser-bedded model
with 10% mud fraction where the mud occurs as isolated lenses
between the sand lamina sets. Each solid line represents one
realization. This example clearly shows that the largest varia-
bility occurs at small sample volumes and that the fluctuations
are minimized at large scales, consistent with the REV concept
outlined above. For each sub-grid size, the coefficient of
variation (Cv) was calculated between the realizations (see
Jensen et al. 1997, for fuller discussion of use of Cv for
petrophysical analysis). As proposed by Corbett & Jensen
(1992), a Cv below 0.5 indicates a statistically homogeneous
medium, while above 1 the samples can be considered very
heterogeneous. It is observed (Fig. 7) that the Cv decreases as
the sample size (sub-grid size) increases, indicating that the
effective property approaches the REV. Note that this REV is
related only to geometrical heterogeneity and that spatial
correlation in permeability will be likely to increase the absolute
size of the representative volume. Similar curves as in Figure 7
were obtained for all the other 11 tidal bedding models and the
results for vertical permeability are shown in Figure 8, where it
can be seen that the sample volume (for Cv<0.5) varies with
mud content (this is in contrast to the conclusion of Norris &
Lewis 1991). For vertical permeability (Fig. 8) there is a steady
increase in this inflection point with increasing mud content,

but above 40% mud, all the Cv curves lie in the homogeneous
region. This behaviour is related to percolation theory, which
predicts the point at which one component will start to connect
across the model domain. The change in variability expressed
with the Cv curve is related to the change in correlation lengths
of sand and mud lenses with respect to the model domain.
Further analysis of porosity and horizontal permeability is given
in Nordahl (2004) where the issues of stationarity, correlation
lengths, percolating thresholds and how to define REV on
these bedding models are discussed. The permeability values
measured at the REV are indicated in Figure 6 by black squares.
It is clear that the representative effective permeability trends
deviate significantly from the commonly used arithmetic and
harmonic averages, which only are correct in the case of a
perfectly stratified medium. The effective permeability of the
more realistic and complex models used here can, thus, not be
estimated properly with these estimates. Ringrose et al. (2003,
2005) discuss different methods that can be used to describe
this trend.

EFFECT OF PETROPHYSICAL CONTRAST IN A
THREE-COMPONENT SYSTEM

The previous results were for a two-component system (sand
and mud) and the variability observed as a function of sample
support was a result only of the geometry of the two com-
ponents. As mentioned above, most of the sand lamina sets in
the Tilje Formation consist of (at least) two different grain size
classes. Petrophysically, these facies can then be treated as a
three-component system. In this section, the effect of changing
the petrophysical contrast between the two sand components
(contrasting lamina) is evaluated and then, keeping this contrast
constant, the effect of different permeabilities of the mud layers
is assessed.

Effect of contrast between sand components

The effect of varying the petrophysical contrast within each
sand lamina set (Table 3) is evaluated by keeping the per-
meability of one of the sand components constant and equal to
100 mD and decreasing the permeability of the other com-
ponent (the silty component). In this case the largest sample
volume for each realization was used, such that in all cases the
REV was reached (Cv<0.5). In Figure 9, the effective vertical

Fig. 7. Example of variation in vertical permeability with sample
volume in a low mud content (10%) flaser-bedded model. Each solid
line represents one realization and the dashed line is the coefficient
of variation (Cv) curve calculated between the ten realizations at each
volume step. At volumes larger than about 2000 cm3, the Cv value
becomes lower than 0.5.

Fig. 8. The Cv curve for vertical permeability for 12 different tidal
bedding models with varying mud fraction. Each Cv-line is based on
similar calculations as used in Figure 7.

Fig. 9. Effective vertical (white) and horizontal (grey) permeability,
with varying contrast between the sand and silt component (constant
mud permeability). The plot is based on 240 realizations all at a REV
scale. See Table 3 for petrophysical input parameters.
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and horizontal permeabilities are plotted against the mud
fraction for the different contrast cases. In the low mud range,
effective permeability is closely related to mud fraction and
follows clear separate trends for each contrast case. For vertical
permeability there is a change at around 40–50% mud content,
where the different cases merge towards one curve. The data
for horizontal permeability have similar characteristics; how-
ever, the convergence of the five contrast cases occurs at
around 80% mud fraction. This is again related to the percola-
tion threshold and will be discussed below. Desbarats (1987)
found similar threshold values using a markedly different
two-component model.

Effect of contrast between sand and mud

The petrophysical properties of the mud layers and, especially,
the permeability, are difficult to measure and represent a large
uncertainty. To evaluate this uncertainty, the contrast between
the sand and silt component was kept constant (and equal to 1)

and the mud permeability varied from 10�5 to 100 in six steps
(Table 3). The models with mud content of 10%, 35% and 85%
were used to evaluate the effects in different flow regimes. The
results are plotted in Figures 10a–d, along with a summary of
the study of varying the contrast within sand lamina set (from
Fig. 9). In the case with only 10% mud, the vertical permeability
is dominated by the magnitude of the contrast between the
sand components and almost unaffected by varying the mud
permeability (Fig. 10a), meaning that the mud lenses only act as
weak baffles to the vertical flow. The same was found for
horizontal permeability (not shown). Near the percolation
threshold for vertical flow (35% mud), vertical permeability
shows a strong dependency on the mud permeability (Fig. 10b),
while horizontal permeability is only affected weakly by the
contrast between the sand components (Fig. 10c). However, at
higher mud contents (85%, Fig. 10d), the sand ripples start to
disconnect in the horizontal plane, meaning that the percolation
threshold for horizontal flow is reached. This gives a higher
sensitivity to mud properties and less to the variation in

Fig. 10. Effect of changing the mud permeability. Also inserted are the relevant results from Figure 9. Three mud fraction models are used:
(a) low mud content case (10%); (b) and (c) near the percolating threshold for vertical flow (35%); and (d) a high mud content (85%)
lenticular-bedded model near the percolation threshold for horizontal flow. See Table 3 for petrophysical input parameters.
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permeability contrast within sand lamina set. The results above
clearly show how effective permeability in complex, heterolithic
deposits can be understood with respect to connectivity of sand
and mud lamina sets. That is, concepts from both effective
medium theory and percolation theory must be used to assess
this system properly. These results also indicate that the data
collection should be linked with the bedding type. For example,
close to and below the percolation thresholds, which are very
different for vertical and horizontal flow, mud properties have
most influence on effective permeability, while the contrast
between the cross-stratified components are more important
above the percolating threshold.

ERROR ASSOCIATED WITH WIRELINE
ESTIMATES

An important application of these results is that the uncertainty
associated with the wireline estimates of porosity and
horizontal permeability can be evaluated. Porosity is usually
estimated by using a neutron or density wireline log with a
calibration to the core porosity. Although porosity is not an
extensive property, it is volume-normalized and, consequently,
additive (Narasimhan 1983). Since the wireline tool physically
measures quantities closely related to the total porosity (e.g.
Hook 2003), the integration between core porosity and the
wireline tools often is quite reliable. However, in heterolithic
deposits, the core plugs tend to be a biased sample (see Fig. 4)
since the mud layers are only sampled occasionally and this may
influence the integration adversely. A traditional method to
estimate horizontal permeability is to establish a regression
equation between core porosity and core permeability and use

this to estimate wireline permeability from the wireline estimate
of porosity or by the use of some semi-empirical equations.
Permeability, being an intensive, non-additive property will, in
general, be unpredictable with respect to porosity. This is
especially the case when the sample support is very different, as
in the case of core plugs and wireline tools, and when the scale
of heterogeneity is between these two volume scales. With the
SBED tool, porosity and permeability input distributions
are taken directly from core plugs, probe permeameter
measurements or thin sections and assigned for each lamina
and then rescaled to the scale of interest with a realistic bedding
model; this method addresses the uncertainty in the wireline
estimate.

To illustrate this, models of lithofacies 7.1 have been used.
This facies is from the upper part of the studied interval, which
is a dominantly flaser-bedded facies with some thicker mud
layers separating the different sets (see also Figs 2 and 4 and
Table 2). The near-wellbore model of this facies was evaluated
at a scale large enough for representative properties to be
obtained (in this case 106 cm3). Figure 4 shows the core photo
with the positions of the core plugs and the thicker mud layers
characteristic of this facies indicated. Note that the core plugs,
in general, miss the mud layers, giving a biased dataset.

Although porosity is an easier parameter to estimate, the bias
in the core plug dataset towards sand properties will influence
the calibration process with the wireline tool. Figure 11a shows
the distribution of the core plugs, the wireline estimate and a
dataset measured on a representative scale from the near-
wellbore model. In accordance with the REV concept, a
reduction in the variance is observed when going from the

Fig. 11. Comparison of (a) porosity, (b) horizontal permeability
and (c) kv/kh-ratio estimated or measured from different sources
and sample volumes. The lower and upper limits of the box
indicate the 25th and the 75th percentile, while the whiskers
represent the 10th and the 90th percentile. The solid line is the
median and the black dots are the outliers. The values at the REV
are measured on the bedding model at a representative scale and
the distribution is based on ten realizations. There exists no
wireline estimate for the kv/kh-ratio.
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measures representing the smallest volume to the largest.
However, due to under-sampling of the mud layers, the correct
and representative porosity value is somewhat lower. In this
case, the error is not large compared with the wireline estimate,
but it illustrates well the problem with biased sampling.

Figure 11b shows the result for horizontal permeability.
In such a low-mud content facies, the dependency of the
mud properties on horizontal permeability is small (see also
Fig. 10c). However, by using the estimate made at a repre-
sentative scale, the variance in the dataset is reduced, thereby
giving a less uncertain estimate of this property.

The ratio between vertical and horizontal permeability
(kv/kh) is both a difficult property to measure and an important
property in reservoir simulation (Brandsæter et al. 2001). This
parameter is particularly sensitive to the geometry and the
petrophysical properties of the mud layers. There is no wireline
estimate for this property and estimates from production data
are often uncertain. However, by using the near-wellbore
model, a representative value for kv/kh for this facies can be
found. Figure 11c shows that this estimate is lower than the
estimate from core plug data, which is expected because of the
bias in this dataset. The minimum value of the simulated kv/kh
ratio is higher than the minimum value from core plugs. This is
because the few mud layers sampled (by the core plugs) are
continuous in the sample but are discontinuous at the scale of
the model. This difference in mud layer continuity from core
plugs to a larger-scale 3D model has also been noted by Jackson
et al. (2003). The kv/kh ratio will be very dependent on the
chosen mud permeability, but even with the rather high value
used here (0.01 mD), the difference to the core plug estimate is
significant.

There are still issues that have to be addressed in the future
to reduce uncertainty further. The true properties of the
different components – in particular, the mud properties – will
be critical and the probe permeameter data can play an
important role to assess the sand lamina set variability. To be
able to simulate the wireline tool responses directly on the
near-wellbore model would greatly advance the basis for an
improved integration. Since some of the models of the sedi-
mentological elements have correlation lengths that approach
the model size, it would be useful to use more advanced
upscaling techniques (e.g. periodic boundary conditions;
Durlofsky 1991) to calculate the effective properties. In
addition, the effect of multiphase flow in this heterogeneous
system is not considered here and should be investigated. As a
result, much more work is still required to characterize these
heterolithic deposits properly. However, the introduction of the
near-wellbore model, common to the sedimentologist, the
petrophysicist and the reservoir engineer, is an important step
towards a better and fully integrated characterization of these
reservoirs.

CONCLUSIONS

Estimation of petrophysical properties in reservoirs where there
are large petrophysical variations at the scale of core plugs and
wireline logs is challenging. A key element of this paper is
that in these heterogeneous reservoir intervals the core plug
values cannot be used directly in calibration and integration
with wireline data since they represent measurements from a
different sample support and a biased sample.

A process-based numerical modelling tool has been used to
evaluate the near-wellbore region of a tide-influenced and
heterogeneous reservoir interval in the Heidrun Field in the
Haltenbanken area, offshore mid-Norway. A method for
parameterization of the core data useful for this modelling tool

has been proposed and used successfully to create realistic
facies models from the interval. In addition, a method to
establish the underlying distributions of a three-component
sedimentary system from simulation of core plugs is outlined.
The near-wellbore model is used to rescale the core plug data to
the scale of interest, giving a better basis for comparing with
other well data.

The variation of effective properties as a function of sample
support has been evaluated. It is found that the variability is
reduced at some sample volume and that the size of this
volume was dependent on the mud content. The trends
observed between representative permeability values and mud
fraction are related to the percolation thresholds. By changing
the contrast between the sand components and between the
sand and the mud, different sensitivity to these contrasts were
identified and this should guide the data collection in the well.

The results were also used to evaluate the uncertainty
associated with the wireline estimates. The kv/kh ratio is often
the most difficult parameter to estimate from available well data
and this paper has shown how a better and less uncertain
estimate can be made. Ringrose et al. (2005) discuss the
estimation of vertical permeability both in the Heidrun Field
and in the deeper buried and more complex Smørbukk Field.
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