Vertical permeability estimation in heterolithic tidal deltaic sandstones
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ABSTRACT: A method for estimation of vertical permeability in heterolithic tidal
deltaic sandstones is proposed. Three-dimensional, stochastic, process-based models
of sedimentary bedding are used to give estimates for the effective permeability of
heterolithic tidal sandstone units where heterogeneities in the sandstone and
mudstone components are evaluated explicitly.

Subsurface core (probe permeameter) data from two contrasting reservoir
intervals in the Tilje Formation, offshore mid-Norway, have been used to derive
representative petrophysical properties for the models. These data illustrate the
nature of petrophysical variability in heterolithic sandstones and provide estimates of
the mean and standard deviation of sandstone permeability at the lamina scale. The
coefficient of variation, C,, for permeability within sandstone beds is found to be
around 0.5 while the C, for heterolithic units is in the range of 1.0 to 4.0 (i.e. very
heterogeneous). Measurement of mudstone permeability is a challenge; however, a
limited set of mudstone (pulse-decay) measurements gives values in the range of
107 °mD to 10~ * mD.

Effective vertical permeability is mainly a function of mudstone fraction with
different characteristics above and below the percolation threshold. Vertical per-
meability functions have been integrated with conventional well logs and compared

with available subsurface estimates for vertical permeability.
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INTRODUCTION

Sandstone reservoir units usually contain heterogeneities or
mudstone layers that strongly influence flow behaviour. The
effective permeability of heterogeneous sandstones has been
studied extensively (e.g. Warren & Price 1961; Gelhar & Axness
1983; White & Horne 1987; Poley 1988; Durlofsky 1991;
Pickup ez al. 1994; Fokker 2001) and Renard & de Marsily
(1997) give a comprehensive review of equivalent and effective
permeability methods. Previous work, specifically focused on
flow in sandstone—mudstone systems (Dagan 1979; Haldorsen
& Lake 1984; Begg & King 1985; Desbarats 1987; Begg ¢f al.
1989; Deutsch 1989), has considered a variety of statistical
models of mudstones distribution and proposed various semi-
analytical methods for estimating effective vertical permeability.
The self-consistent approximation (Poley 1988; Fokker 2001)
has also been used to give a general description of hetero-
geneous and anisotropic media approximated by a system of
lens-shaped inclusions, which can be regarded as a theoretical
framework for the description of real sedimentary systems with
more complex geometries.

Begg et al. (1989) proposed a general estimator for the
effective vertical permeability, £, for a sandstone medium
containing thin, discontinuous, impermeable mudstones, based
on effective medium theory and geometry of ideal streamlines:

A=)
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where 1, is the volume fraction of mudstone, a_is given by
(koo/ k)", kg, and £ are the horizontal and vertical
permeability of the sandstone, f'is the batrier frequency, and 4
is a mudstone dimension (/=L /2 for a 2D system with mean
mudstone length, 7). This method is valid for low mudstone
volume fractions and assumes thin, uncorrelated, impermeable,
discontinuous mudstone layers. Desbarats (1987) estimated
effective permeability for a complete range of mudstone
volume fractions in 2D and 3D, using statistical models with
spatial covariance and a range of anisotropies. For strongly
stratified media, the effective hotizontal permeability, £, was
found to approach the arithmetic mean, while £, was found to
be closer to the geometric mean. For certain volume fractions,
k.. exhibited critical percolation threshold behaviour. Deutsch
(1989) proposed using both power-average and percolation
models to approximate £, and £, for a binary permeability
sandstone—mudstone model on a regular 3D grid, and showed
how both the averaging power and the percolation exponents

vary with the anisotropy ratio. The percolation model is given
by:

ke/kg= AV = V)" @
where 17 is a critical mudstone volume fraction and A and «
are percolation coefficients. The power average estimate for
effective permeability in any direction, £, is given by:
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Fig. 1. Field and core photographs of heterolithic bedding. (a) Field photo

(C) i e ey
graph of the base of a distal deltaic wedge in the Posey Creck member,

Frewens Castle, Wyoming, showing variable heterolithic bedding styles ranging from lenticular at the base to wavy bedded at the top (coin for
scale). (b) Heidrun core slab H1C with flaser-bedded sandstone within estuarine bar facies, with overlay of 1 D probe-permeameter map (0.1 m
X 0.1 m). (c) Smorbukk core slab S1A showing mixed heterolithic bedding within a tidal channel facies with colour changes related to different

quartz and chlorite cementation distribution (0.1 m X 0.1 m).

ko= [Voky” + (1 — Vm)/esm]“l’ €)

where 17, is the volume fraction, w is the averaging power
and £, £, are the (mean) permeabilities of the sand and
mud components. Deutsch (1989) favoured the power
average approach and identified the difficulty in estimating the
percolation parameters for geologically realistic 3D systems.

In this paper, the effective permeability of heterolithic tidal
deltaic sandstones is considered, in which the sandstone and
mudstone components are modelled explicitly and are based
closely on an understanding of the depositional processes of
sand and mud distribution. Heterolithic sandstones are the
dominant lithofacies in tide-dominated delta systems but are
also found in other shallow- and deep-marine depositional
systems (Baas 1993). Wherever they form an important facies,
they present a significant challenge with regard to estimating
effective flow properties. In particular, the definition of
economically productive units (‘pay’ and ‘non-pay’) is difficult.
Norris & Lewis (1991) also studied the flow properties of
heterolithic facies, especially the determination of a repre-
sentative elementary volume (REV) for upscaling the flow
properties. However, they employed simplified two-
dimensional models and were not able to establish a general
method for predicting effective flow properties.

A classification of current ripple bedding, characteristic of
most heterolithic sandstones, was established by Reineck &
Wundetlich (1968) and Reineck & Singh (1980), who proposed
the terms flaser, wavy and lenticular ripple bedding to describe
the range of bedding types observed (Fig. 1). The bedding style

varies as a function of mud content, and the descriptive terms
flaser, wavy and lenticular refer respectively to sand-dominated,
approximately equal sand and mud content, and mud-
dominated systems. The classification implies, but does not
quantify, the role of connectivity of the sand and mud fractions,
e.g. flaser bedding is charactetized by discontinuous mud
drapes. The depositional controls have been studied extensively
(e.g. Allen 1969; Richards 1980; Baas 1993). Detailed flume
tank experiments and field observations have been used to
establish the primary controls on bedding style and provide a
basis for more detailed description of this system. Baas (1993)
showed that the principal controls on development of current
ripples are formation time and grain size, and established
empirical relationships between bed height and wavelength.
For example, for fine sand, current ripple heights are observed
to increase from < 4mm to « 18 mm while wavelengths
increase from ¢ 60 mm to « 140 mm during the transition
from incipient non-steady-state (straight-crested) through to
equilibrium (linguoid) tipple forms. Thus, although the
dynamics of formation of current ripples are undoubtedly
complex, empirical characteristics can be established. These
observations have been used to constrain the models used in
this study.

HETEROLITHIC BEDDING MODEL

Unlike conventional sedimentary process modelling, where
approximations to the physics of grain transportation and
deposition are employed, the method used here (Wen e/ al.
1998) represents the geometrical arrangement of sedimentary
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bedding by migrating a set of bedding surfaces in a manner that
mimics observed geometries. Rubin (1987) pioneered this
approach and demonstrated that realistic geometrical forms
could be generated, but did not consider the 3D volume,
property modelling or the inherently stochastic nature of
deposition. The method employs a set of bedding surfaces
migrated by vectors to simulate deposited heterolithic lamina
sets. Values for wavelength and amplitude of bedforms are
chosen to match observed structutes, as well as controls on the
rate of migration and length of deposition. The method is based
on a time series of elevation surfaces with the form:

Ax)' =As1n<Lﬁ + 9X> + BSiﬂ(% + e;) taby) @
x Y

where x and y are spatial coordinates, 7 is a nominal time
increment, 4 and B are amplitudes of the bedform in the
current and crest directions, /., and /., are wavelengths of the
bedform in the current and crest directions, O, and GJ are
initial phase angles (radians) and g(x, y) is a 2D Gaussian
random function. After a determined sequence of surfaces,
2(x, )7, a hiatus is simulated and erosion by a new time
series set is initiated. Each time series represents a lamina set,
and a set of time series gives a bedset. Figure 2 shows an
example model of current ripple lamination, characteristic of
tidal deltaic depositional systems. Both sand and mud lamina
sets are produced, deposited under bidirectional currents and
with varying degrees of preservation. For example, mud is
preserved in the troughs of sand ripples. Using random
sampling in the stochastic part of the modelling method,
g(x, ) in equation (4), a large set of models is produced,
which are intended to capture the range of possible sand and
mud distributions in three dimensions. Subsequently, each
lamina (the volume between two adjacent time series) is
populated with values for permeability, £, and porosity, @,
drawn from a two-dimensional Gaussian field. Cross corre-
lation between £ and ¢ is simulated and given a value
typically observed in core measurements. Values for the
effective permeabilities, bulk porosity and volume fraction of
each lamina set type are calculated for each realization of the

Lamina set

Ebb Mud

Fig. 2. SBED model of heterolithic
Ebb Sand flaser bedding. Note the bidirectional
Flood Mud sand lamina sets (lines) and the partially
Flood Sand preserved mud drapes (dark tones).

Cube is 0.1 m X 0.5m X 0.5m.

bedding model. Effective permeability is calculated numeri-
cally using the sealed-side method (Warren & Price 1961;
White & Horne 1987) to give diagonal terms for the per-
meability tensor for each bedding model (&, £, £.).

Each bedding model is 0.5 m X 0.5m X 0.1 m, with 50 X
50 regular cells in the horizontal plane and 200-500 intersecting
surfaces to represent the layering. The geometrical input
parameters are the same as those listed by Nordahl ez a/. (2005),
with some additional models made to ensure complete cover-
age of the range of mudstone volume fractions. Fifteen bedding
models were used with 20 stochastic realizations of each. For
the heterogeneous models, the correlation length of property
vatiability within lamina sets is 0.05 m.

Three cases for petrophysical properties for the models were
used (Table 1): (a) constant petrophysical properties per bedset;
(b) variable properties based on Heidrun well dataset H1; (c)
variable properties based on Smerbukk well dataset S1. Results
from the constant property case (Fig. 3) show how £, £, and £,
vary as a function of the volume fraction of sand, 1. Note,
that there is some anisotropy in the horizontal plane for low 17,
with the & values (fluid flow perpendicular to bedding direc-
tion) lying closer to the arithmetic average and the 4, values
(fluid flow across low-angle ripple lamina sets) lying further
below the arithmetic average. This is due to curvature of mud
drapes in the bedding direction. Here, only the dominant
anisotropy in the vertical plane is considered, namely £, and £..
The horizontal permeability, £, rises approximately linearly

50

from a point A (around 1/,=0.1) to reach the point where

Table 1. Petrophysical data for the heterolithic bedding models

Constant  Heidrun-based =~ Smorbukk-based

Sand permeability, In[£], u(0) — 6.9(0.5) 4.6(1.0)
Expected value (mD) 100 1124 164

Sand porosity, ¢, «(0) 0.25 0.3(0.02) 0.25(0.02)
Mud permeability 0.01 0.01 0.0001
Mud porosity 0.05 0.05 0.025
Sand/mud £ ratio 10* 1.12x10° 1.64 % 10°
£/ correlation — 0.75 0.75
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Fig. 3. Effective permeability simulation results for the constant
petrophysical properties case, with comparison to bedding style and
critical points, A, B and C, related to petrcolation thresholds. Thin
lines are the arithmetic and harmonic averages.

k. =k, at 17 =1. Whereas £_remains low until point C (around
17,.=0.5) when it rises on a log-linear trend towards £ at [/ =1.
These critical points are related to percolation thresholds. The
observed thresholds significantly differ from the percolation
threshold for a simple 3D cubic lattice (point B at 0.3116)
(Stauffer & Aharony 1992), but this is expected for a highly
anisotropic system. For this tidal heterolithic depositional
system, the descriptive terms lenticular, wavy and flaser bedding
can be related to the critical points for sand connectivity in
current ripple laminated systems, as indicated by the sketch at
the top of Figure 3. The lenticular to wavy transition is
interpreted as the point where sand lamina sets begin to
connect laterally (point A) and the wavy to flaser transition
is interpreted as the point where sand begins to connect
vertically (point C). Furthermore, these percolation thresholds
define objective petrophysical cut-off values, which are often
arbitrarily assigned in reservoir studies.

A method for assigning effective permeability estimation
functions to this type of characteristic stochastic bedding model
has been proposed by Ringrose e a/. (2003) and Nordahl ez a/.
(2005) show how these models may be constrained to sub-
surface data and used to give improved estimates of petro-
physical properties at an appropriate scale. Here an approach
is developed for integrating the tidal-bedding model sets
with subsurface petrophysical data to give improved reservoir
property estimation, especially for vertical permeability.

EXAMPLE PETROPHYSICAL DATA

Reservoir intervals from the Tilje Formation, offshore mid-
Norway (Martinius ez a/. 1999, 2001) were used to derive
representative subsurface facies and petrophysical properties
for tide-dominated deltaic units. Two wells were selected for
detailed analysis, particularly the collection of high-resolution
probe-permeameter data, which are important for estimating
petrophysical properties at the lamina set scale (as shown in
other studies, e.g. Corbett & Jensen 1992a, b; Morton ef al.

2002). Well H1 is from the Heidrun oil field, with good
reservoir quality at depths of around 2500 m (average
permeabilities for the different facies are in the range of 200 mD
to 1000 mD). Well S1 is from the Smorbukk gas-condensate
field at much larger burial depths of around 4.5 km and with
poorer reservoir quality (average permeabilities for the different
facies are in the range of 1 mD to 100 mD). Both intervals are
from the lower Tilje unit. The two intervals do not cover the full
range of observed variability in each field, but can be regarded
as representative of small-scale variability. Well S1 has a rela-
tively high structural position on the Smeorbukk reservoir and
better than average reservoir properties.

The selected intervals are shown in Figure 4, with
permeability data and lithological interpretations. The HI1
interval (Fig. 4a) shows that both the core plug values and the
wireline log-based continuous permeability estimator are quite
variable within each identified facies (the wireline-based
permeability estimator is an empirical function correlated to the
neutron density and gamma logs). The coefficient of variability,
C., for the core plug permeability data shows that the better
quality accretionary channel bank facies is the least variable
(C, ~1), while the more heterolithic tidal point bar and delta
front facies are very heterogeneous (C, >2) (Corbett & Jensen
1992a). Within the accretionary channel bank facies, probe-
permeameter measurements were taken over a 0.1 m X 0.1 m
grid with 2 mm spacing (Fig. 1b) within a flaser-bedded interval
(Grid H1C). Two other grids were sampled in the same well
(below and above the interval shown in Fig. 4a) but within
different facies associations and with varying bedding style.
These data reveal the nature of lamina-scale sand permeability
(Table 2, Fig. 5). Grid H1B is very heterogeneous (C, =3.6),
with a broad multi-modal histogram, due to both the
permeability contrasts caused by the heterolithic bedding and
the effects of bioturbation. Grids HIC and H1D are more
homogeneous (C, <1) with a tighter distribution giving a good
insight into the sand permeability and variability. Grid H1C is
slightly muddier and more variable, although with higher
sandstone permeability. Figure 5b shows vertical transects
through two the grids, indicating the typical lamina-scale
variability. Note that the data include no measurements in the
mud lamina, which are below the resolution and detection limit
of the probe-permeameter tool. Figure 1b illustrates how the
presence of mud lamina may reduce permeability measure-
ments in their vicinity. These data do, however, give good
insight into sandstone permeability at the lamina set scale and
are invaluable in assigning appropriate permeability values for
small-scale modelling.

The deeper Smorbukk Field presents a greater challenge
because, in addition to the bedding-scale heterogeneity inherent
in heterolithic deposits, there are strong diagenetic effects.
Normally, at this depth, very little pore space would remain in
a sandstone because of mechanical compaction and diagenesis;
but in this field, quartz cementation has been inhibited by the
presence of chlorite grain-coatings so as to preserve enough
permeability to make the field viable economically (Ehrenberg
1993). Howevert, the spatial distribution of the chlorite coatings
is very variable and difficult to predict. Probe permeameter
data are, however, useful in differentiating the petrophysical
properties of sedimentary and diagenetic pore types. Well S1 is
one of the better quality wells, high in the structure, with
relatively large amounts of chlorite grain coatings and a large
fraction of preserved porosity. The permeability data (Figs 4b
and 6; Table 2) show a weak correlation to lithofacies with
higher permeabilities (around 100 mD and higher) in the
sandier facies, dropping to around 1 mD in the more hetero-
lithic facies. A vertical transect of probe-permeameter data with
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Table 2. Probe permeameter grid data from example wells
Grid H1B Grid H1C Grid H1ID Grid S1A Grid S1B Grid S1C
Facies Prodelta Channel Bank Mouth Bar Tidal Channel Tidal Channel Tidal Channel
Bedding type Wavy/lent. Flaser Flaser Wavy Flaser Wavy
Sand fraction 0.55 0.95 0.98 0.65 0.95 0.6
Bioturbation Moderate Minor Minor Minor Minor Minor
# measurements 2583 2584 2601 1136 1460 321
Average £ (mD) 338.0 1546.5 1206.9 18.0 3.7 159.0
Y 3.6 0.7 0.4 2.1 0.5 3.6
B Grid H1B (wavy/lenticular)
B Grid H1C (flaser)
O Grid H1D (flaser)
Grid H1B
__ 10000 il
2 %0 A = ey A - VARNa
7 It N S N N2 e A 4
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3
g 2563.50 256355 pictance down core (m) 2563.60
Grid H1C
. 10000
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(a) k (mD) § (b) 2599.24 2599.29 Distance down core (m) 2599.34

Fig. 5. Probe permeameter data from well H1 with (a) histograms of high-resolution grid data and (b) selected vertical transects through grids.

5 mm spacing was sampled in this well (in addition to three
grids 10X 10 cm grids of 2 mm-spaced data). This high-
resolution, vertical transect (shown alongside core plug data
in Fig. 4b) shows both very small-scale variability within
lithofacies and a larger-scale sinusoidal trend, which appeats
unrelated to bedding but is probably related to chlorite
development processes. The probe-permeameter grid data
(Fig. 6) reveal a bimodal distribution, with approximately
lognormal Gaussian functions at around 1 mD and 100 mD.

These two populations are also evident, although less clear, in
the vertical transect data classified by lithofacies (Fig. Gb).
Comparison with core indicates that the lower permeability
population is associated with the whiter, more quartz-
cemented sandstones while the higher permeability population
is associated with the darker, chlorite-coated sandstones
(Fig. 1c¢).

Special care was taken with the S1 probe-permeameter
dataset to identify positively all measurements where pressure



34 P. Ringrose et al.

O Grid S1C (Clean Sand, Flaser)
B Grid S1B (Het. Sand, Flaser)
B Grid S1A (Sandy Het., wavy)

Frequency
o
5]

Q
=]
=]
=]

(a) k (mD)

O Clean Sand (flaser)
E Het. Sand (flaser)
B Sandy Het. (wavy)
B Mixed Het. (wavy)

Frequency

=
=3
=3
S

(b) k (mD)

Fig. 6. Probe permeameter data from well S1 showing (a) histo-
grams of high-resolution grid data and (b) histograms per facies for
the vertical transect data.

decay was too slow to record a measurement with the
unsteady-state permeameter device used (time limit was set to
2.5 minutes). The points are termed ‘time-out’ measurements
and identify permeabilities less than approximately 0.01 mD;
they amount to 47% of the probe-£ measurements for the well
interval studied (Fig. 6). Thus, three permeability populations
can be identified: (i) good permeability sands with a mean of
around 100 mD; (ii) low permeability sands with a mean of
around 1 mD; (iii) time-out measurements. Populations (i) and
(ii) are interpreted to correspond to chlorite-coated and quartz-
cemented lamina sets. Population (iii) corresponds to muds and
silts. Although populations (i) and (ii) can be identified from
petrophysical measurements, no clear relationship to lithofacies
has been found. In fact, tidal processes controlling chlorite
precursors in the depositional environment are the more likely
controls on spatial distribution of these populations. Core
observations and production experience shows that the
chlorite-coated sandstone units tend be very extensive laterally
(500 m to 1000 m) but can also be limited within a single sand
lamina set (as seen in Fig. 1c). In the bed-scale modelling study
of effective permeability for the Smorbukk-based case, sand
properties for population (i) are assumed, but the results
can be rescaled for intervals where population (ii) is present.
A heterogeneous model with both types of sand in one
model may also be possible, but requires further work and
understanding of spatial cement distributions.

Ascertaining the permeability of population (iii) is difficult. It
is certain that the permeability is less than 0.01 mD, but how
much less is a rather critical factor in estimating vertical
permeability. Schlémer & Krooss (1997) have measured mud-
stone permeability, porosity and mercury displacement pressure
for cap rocks above these reservoirs and for some of the
intra-Tilje Formation mudstones. Although no specific
measurements of thin muds within reservoir units are included
in this dataset, the measurements do give a plausible estimate
for the mudstones within the reservoir units. The mean
permeability for 15 measurements from the Tilje Formation
and overlying mudstone units from the Ror, Not and Melke
formations is 4.52x 10~ * mD; the minimum and maximum
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Fig. 7. Fractional effective permeability for the constant petrophysi-
cal properties case compared with estimation functions: equation (1)
with @ =1, /=20, d=21"_; equation (2) with 1, =0.92, A=1.2, 4=0.4;
equation (3) with w=—0.3; equation (5) with k,,=0.5, I7,.=0.5.
Thin lines are the arithmetic and harmonic average outer bounds.

measured values were 1.90 X 10~ ¢ mD and 4.33 X 10~ > mD.
The mean porosity for the same dataset is 0.025, with minimum
and maximum measured values of 0.007 and 0.067. These data
have been used to set plausible values for the mudstones in our
study. The highest plausible mudstone permeability is 0.01 mD
and a more realistic value will be around 10~* mD (or
0.1 microdarcies). The highest plausible value coincides with
the detection limit for conventional core plug and probe
petmeameter measurements.

Petrophysical inputs assumed in the modelling are shown in
Table 1. Lognormal distributions for sand permeability are
assumed with mean values, #, chosen to represent a typical
mode for the sandstone population and values for the standard
deviation, o, are chosen to capture approximately the range of
bed-scale sand variability observed in the probe-permeameter
grid data. Mudstone permeability is set at either 0.01 mD or
0.0001 mD based on the limited data available, and mud
properties are assumed to be constant. Porosity values are
chosen to be consistent with observed porosity—permeability
correlations from core plug measurements.

VERTICAL PERMEABILITY ESTIMATION

Directional effective permeability values, £, £, as a function of
17, for the constant property model set are shown in Figure 7,
along with various proposed estimation functions (equations
(1), (2) and (3)). Equation (1) shows some resemblance to the
k. results for the numerical heterolithic bedding models, but it
is not possible for one set of coefficients to match the observed
behaviour at both low and high mudstone fractions. The
percolation model (equation (2)) gives a good match to the £,
data but is difficult to fit to the 4 data. The power law
(equation (3)) gives a reasonable fit to the £, data but fails to
capture the inflection observed at around 17,=0.5. Another
possible function for £, (proposed by Ringrose e a/. 2003) is a
geometric average rescaled with respect to the percolation
threshold, 17:

Va<Va ®)

Vi
eoei /x:_m>(v,m>

SV

where £, is the vertical permeability of sand in the absence of
mud, £, is the mudstone permeability, 17, is the volume

m

fraction of mudstone and 17, _ is the critical mudstone fraction
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Fig. 8. Effective permeability results, £, and &, for the Heidrun-
based case (H1) and Smorbukk-based case (S1), with £, estimation
functions.

(the percolation threshold for sandstone connectivity in the g
direction).

This function gives a reasonable match to the simulated
trend for £  (Fig. 7) for V<V . For I >V, £_1is
observed to approach the harmonic average asymptotically and
eventually the value for £, at 1/ =1. In applying equation (5) it
is assumed that £ =4, for all values I/ >17 _ and that
17.c=0.5. The value of 1/ is difficult to determine; the
simulation data indicate a value between 0.5 and 0.6, with
higher values for the heterogeneous models. In conventional
application of percolation theory (King 1990; Stauffer &
Aharony 1992) zero conductivity is assumed below the perco-
lation threshold and critical behaviour is observed as the
percolation threshold value is approached. The self-consistent
approximation for binary heterogeneous media (Poley 1988;
Fokker 2001) can give functions with similar characteristics to
those observed in these tidal bedding models if appropriate
dimensions for mudstone inclusions are determined and,
indeed, these sedimentary bedding models may be used to
determine the anisotropies and aspect ratios required to apply
the self-consistent effective medium approximation (Fokker
2001) to realistic rock media.

Simulation results for the variable petrophysics datasets
based on well datasets H1 and S1 are shown in Figure 8, along
with £, functions using equation (5), assuming 17, =0.6 and
k,=350mD (H1) and 25mD (S1) based on the average
simulated vertical permeability for bedding models with no
mud content. These functions fit the simulated vertical
permeability data quite well and are used as a general £
estimator for tidal deltaic reservoir intervals. In order to apply
these models to conventional subsurface data, further assump-
tions are required, namely that 17 can be estimated from
wireline logs in the range 17, <1/ _and that £, can be estimated
reliably from wireline logs. Both of these assumptions have
limitations and calibration errors associated with them; how-
ever, the approach gives a good initial estimate for £ . for tidal
deltaic reservoir intervals.

As an example application, the 4. function (equation (5))
has been applied to the well H1 dataset (Fig. 9). The estimator
is applied to two estimates of sand/mud volume fraction: one
from visual inspection of core and one based on calibration of
wireline logs (in this case the neutron density log). The two
datasets are similar and give some confidence for application of
the approach to non-cored intervals. Reasonable estimates
of the £,/k, ratio are achieved, with higher values in the
accretionary channel bank facies, consistently low values in the
laminated delta front facies and more variable in the remaining
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Fig. 9. Application of the proposed £, estimation function to the
well H1 interval dataset. Heavy curve is the k_/k, estimate based on
core log observations of 1/ ; light curve is the k, /k, estimate based
on calibrated wireline log estimate for 1.

facies. There are no dynamic data to validate the predictions in
this well, but the estimates compare favourably with measured
core-plug £ /4, ratios and with production experience. Com-
patison of the estimator with measured core-plug £ /4, ratios
is problematic because of strong sampling bias (discussed
further by Nordahl ez @/ 2005). However, the minimum
measured core-plug £ /4, ratio for tidal deltaic facies in the
Heidrun Field is 8.0 X 10~ >, which is consistent with the model
results for high 17, and measured core-plug £,/4, ratios for
sandy facies are typically in the range 0.1 to 0.3 which is
consistent with the model results for low 17 . Elfenbein e al.
(2005) applied a similar approach to a shallow-marine reservoir
(containing some heterolithic intervals) and found that the
approach gave an improved correspondence between modelled
vertical permeability and estimates derived from dynamic well
test data.

Application of this approach to deeply buried fields such as
Smerbukk is more challenging due to the effects of diagenesis
and the lack of understanding of the spatial distribution of
cementation. However, the method can be applied if it is
assumed that the sandstone can be represented by one per-
meability population (albeit more variable due to the effects of
diagenesis). The sand and mud permeabilities are significantly
lower due to deep burial and diagenesis and the contrast
between sand and mud permeability is more variable and
uncertain.

CONCLUSIONS

Tidal deltaic sedimentary systems comprise a class of very
heterogeneous reservoir systems in which estimation of
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reservoir properties is challenging. Tidal depositional systems
do, however, have significant controls on depositional architec-
ture related to the physics of grain deposition in shallow tidal
currents. The process-based modelling approach shown here
allows these controls to be quantified in terms of effective
properties in these reservoir units. No geological system is
completely predictable and the chaotic aspects are accounted
for using stochastic methods. The observation that a general
function can be fitted to stochastic simulations of effective
permeability of a large number of sedimentary bedding models
provides a very promising predictive tool for reservoir charac-
terization. This predictive capability is especially valuable for
estimating vertical permeability. The value of this approach has
been shown in a study by Elfenbein ¢ 4/ (2005), in which a
significantly improved match to well test observations was
achieved for a similar process-based model of heterogeneous
heterolithic intervals.

Functions for horizontal permeability and porosity may also
be derived for this and other depositional systems and, in
future, the approach could be extended to estimation of
acoustic properties and fluid saturations. Selected examples of
these models have also been used in multiphase flow upscaling
studies (Pickup e /. 2000), and the multiphase aspects of flow
anisotropy do also need to be considered in reservoir studies.
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