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ABSTRACT

The objective of this study is to analyze the
effects of different modeling approaches and vari-
ous scales of geological heterogeneity on water-
flood recovery and volumetrics of an incised valley
reservoir. Seismic, well-log, and core data are inte-
grated with an incised valley facies model to create
cross sections used to perform two-phase 2-D (two-
dimensional) fluid-flow simulations.

Core observations and probe-permeameter data
are acquired to perform a geopseudo upscaling
exercise, which simulates the effects of small-scale
sedimentary structures on fluid flow. Applying this
method and incorporating small-scale sedimentary
structures in 2-D fluid flow simulations have proved
to make a significant difference in individual-well oil
recovery (up to 8%) depending on the facies types
involved in a well’s drainage area. Incorporating vari-
ations in sand-body dimensions and connectivities
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has proved to have a major impact on field oil recov-
ery (30% difference between extreme 2-D cases),
whereas variations in incised valley size have the
greatest impact on original oil-in-place values (21%
between extreme 2-D cases).

A layercake model of an incised valley reservoir
results in optimistic performance compared to a
geopseudo upscaled model (11% higher oil recov-
ery for a 2-D case). In a highly favorable scenario,
an incised valley reservoir indeed may behave like a
layercake, but it is more likely that it will not per-
form as well.

Not taking into account small-scale sedimentary
structures, uncertainty in reservoir architecture,
and incised valley size in reservoir simulation stud-
ies can introduce substantial errors in reserves esti-
mation and production forecasting. Lessons
learned from this 2-D study will be used in a future
full-field three-dimensional waterflood simulation
of the Countess YY pool.

INTRODUCTION

Some of the largest hydrocarbon reservoirs in
the world are hosted by fluvial and estuarine sand-
stones deposited within incised valley systems.
Examples are the Cusiana field in Colombia
(Pulham, 1994), the Messla-Faregh field in Libya
(Halbouty, 1982), and the Cut Bank field in
Montana in the United States (Dolson et al., 1993).
These reservoirs exhibit highly complex strati-
graphic relationships as a result of relative sea level
fluctuations and shifting depositional systems.
Understanding the geometry, spatial distribution,
and reservoir characteristics of facies in an incised
valley system is potentially of major importance to
hydrocarbon production optimization.

Reservoirs are commonly analyzed with the help
of reservoir simulation and visualization software.
The level of reservoir description detail used in a
simulation model depends on field size, reservoir
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heterogeneity, computer capacity, and available
resources (time, people, budget). Reservoir engi-
neers commonly ask geologists to provide them
with a simplified geological model; for example, a
layercake representation of the reservoir. Even if a
detailed geological model does exist, it usually will
be averaged in an upscaling process so that the
reservoir simulator can perform faster; however,
the consequence is that simulation results may not
be accurate or may deviate from reality. This issue
is addressed in the work described here using data
from the Countess YY pool, an incised valley reser-
voir, under waterflood, located in southern Alberta,
Canada (Figure 1).

OBJECTIVES

The first objective of this study is to quantitative-
ly compare simulation results of three reservoir
modeling approaches with a varying degree of
reservoir description detail.

(1) A simple layercake model with reservoir
properties from core-plug data averaged per layer.

(2) A reservoir architecture model with a facies
distribution based on field data and the incised val-
ley facies model as proposed by Dalrymple et al.
(1992) and Zaitlin et al. (1994). Reservoir proper-
ties from core-plug data are averaged per facies.
This model is more realistic than the layercake
model in terms of geometry, spatial distribution,
and properties of the reservoir units.

(3) A similar reservoir architecture model simu-
lated using results from a geopseudo upscaling
exercise. The geopseudo upscaling technique
incorporates successive scales of geological hetero-
geneity into effective flow functions, starting with
small-scale sedimentary structures such as cross-
bedding. The probe-permeameter is applied to
characterize these structures. This model not only
has a more realistic reservoir architecture, but it
also includes a more realistic characterization of
the fluid-flow behavior of the various facies.

We suggest that the geopseudo upscaled model
comes closest to reality, but this cannot be verified
with two-dimensional (2-D) models. This study is a
first step toward a full-field three-dimensional
(3-D) simulation study that will be done to optimize
production of the Countess YY pool. Only then is a
direct comparison between simulation results and
actual production data possible. Results presented
here serve the purpose only of improving under-
standing.

The second objective is to quantitatively assess
the impact of several scales of geological hetero-
geneity on waterflood recovery and volumetrics by
simulating and comparing the results of a range of
2-D sensitivity models.
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(1) Microscale heterogeneity represented by
small-scale sedimentary structures is accounted for
by using the geopseudo upscaling approach. The
impact of this approach can be assessed by com-
paring its results to those of a conventionally aver-
aged or upscaled model.

(2) Mesoscale heterogeneity is represented by
the incised valley reservoir architecture or inter-
nal facies distribution, which is constrained by
well data. The uncertainty in the interwell region
allows modeling of a number of possible realiza-
tions of the facies distribution and involves vary-
ing sand-body or reservoir-unit dimensions and
connectivities.

(3) Macroscale heterogeneity is represented by
the incised valley container size and shape, and is
constrained by well and seismic data. The uncer-
tainty caused by seismic resolution limitations and
interpretation pitfalls allows modeling of a number
of possible realizations of the container size.

INCISED VALLEY SYSTEM
Conceptual Model

A conceptual incised valley facies model was
proposed by Dalrymple et al. (1992) and Zaitlin et
al. (1994). They defined criteria to recognize an
incised valley system and its basal sequence bound-
ary from subsurface data. The valley is initiated by
incision and fluvial erosion during a fall in relative
sea level; once sea level starts to rise again, initial
deposition is by fluvial systems. During transgres-
sion, a variety of fluvial, estuarine, and marine envi-
ronments migrate up the valley. The depositional
succession can be divided vertically into a set of
systems tracts separated by erosional and flooding
surfaces. Individual sequences may show prograda-
tion, but repeated backstepping of the sequences
occurs due to the ongoing transgression. The suc-
cession can be divided longitudinally into three
segments, each with a unique facies association.
The stratigraphic organization of the various facies
can be complex in these systems. The framework
provided in this model is an aid in delineating and
predicting reservoir facies.

Countess YY Pool

The Countess YY pool is one of several incised
valley reservoirs located beneath Lake Newell in
southern Alberta, Canada. These pools are within
the regional Countess-Alderson trend, which is
part of the much larger Glauconitic channel system
that extends in excess of 515 km from the low-
stand shoreline deposits at the Hoadley barrier-bar
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Figure 1—(A) Lower Cretaceous paleogeography showing the extent of the Glauconitic channel system. (B) Map
showing the location of the case study area in southern Alberta, Canada. (C) Case study area map showing the
regional Countess-Alderson incised valley trend (dashed outline) and the location of the Countess YY pool beneath

Lake Newell (modified after Broger et al., 1997).

system southward to northern Montana (Figure
1A). This channel system has an inferred north-
ward-trending paleodrainage toward the Lower
Cretaceous Boreal Sea. The Lake Newell area of the
Countess-Anderson trend is interpreted to lie with-
in segment 1 of a wave-dominated incised valley
system (Broger et al., 1997), generally character-
ized by backstepping, lowstand to transgressive flu-
vial and estuarine deposits overlain by transgressive
marine sands or shelf muds.

Figure 2 shows the stratigraphic column that
applies to this region. The producing unit is the
Lower Glauconite channel that incises into the shal-
low-marine regional Glauconite cycles. The low-per-
meability Middle Glauconite channel incises into

the producing channel, thus forming a compound
incised valley system. Locally, the Middle Glauconite
channel forms an updip seal to trap hydrocarbons in
the Lower Glauconite channel.

The Lower Glauconite channel has been identi-
fied from subsurface data by Broger et al. (1997)
using the criteria defined in the conceptual incised
valley model. Cores show a sharp erosional contact
between the stratigraphically lower Detrital mem-
ber and the Lower Glauconite deposits, a contact
that is identified as the basal sequence boundary
of the system. The contact between regional
Glauconitic shallow-marine and Lower Glauconitic
fluvial or estuarine deposits is interpreted as a basin-
ward shift in facies occurring across the sequence
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Figure 2—Informal stratigraphic column for the Lower
Cretaceous in the case study area (modified after Broger
et al., 1997).

boundary. Figure 3 shows a structural cross section
of the Countess YY pool interpreted from seismic
and well data. The incised valley system truncates
regional formations, and the sequence boundary is
mappable from the base of the system onto the
interfluve area.

FACIES DESCRIPTIONS

In their paper, Broger et al. (1997) gave detailed
lithological descriptions of the various facies they
recognized in both Glauconite channels. For the
purpose of fluid-flow simulation, it is important to
distinguish facies or flow units with characteristic
reservoir properties, which may influence fluid-
flow patterns in different ways; therefore, a reinter-
pretation of the facies has been done here for the
Countess YY pool using core data from 4 wells and
log curve data from 17 wells. Core-plug-averaged
reservoir properties for each of the facies described
below are given in Table 1.

Applying the geopseudo upscaling approach in
fluid-flow simulation requires acquisition of
detailed data on the sedimentary structures present
in each facies. Measurements on the thickness of
structures, such as cross-bedding laminae, mud
drapes, interval thicknesses, and angles of cross-
bedding and inclination, were taken from the cored
wells. The averaged values are given in Table 2.
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Note that for some measurements a bimodal distri-
bution was found, resulting in two averaged values.
In addition to core observations, pressure decay
probe-permeameter data have been acquired. A
number of halved cores were sampled every 2 mm
using a small probe tip with an internal diameter of
1.22 mm, a size found suitable to capture the per-
meability contrast even across thin mud drapes.
Representative values for each structure have been
selected and statistically analyzed (Table 3).

Lower Glauconite channel

Fluvial Facies

These sediments consist of litharenitic, coarse- to
medium-grained, large-scale trough and planar-tabu-
lar cross-bedded sandstone successions with basal
erosional surfaces that are usually overlain by a peb-
ble lag. This facies has excellent reservoir quality and
commonly is encountered at the base of the incised
valley system; facies thickness ranges from 1 to more
than 10 m. The gamma-ray log signature shows a
blocky or sometimes fining-upward profile with a
high peak at the base. The sediments are interpreted
to be deposited by a highly connected and continu-
ous-braided to coarse-grained meandering fluvial
channel system.

The most common structure present is tabular/
planar foreset cross-bedding interpreted to originate
from dune migration processes. Cross-bedding is
expressed by segregation of chert (gray, dark) and
quartz (beige, light) particles. The average cross-bed
angle is 19°, but there is large variation in the angle
measurements (9-35°). This angle varies depending
on the orientation of the cross-bed sets relative to the
paleocurrent direction. The cores have not been ori-
ented; therefore, the measurements represent ran-
dom samples of the angle, prohibiting the generation
of direction-dependent geopseudo upscaling models
that can be used for simulating flow either perpen-
dicular or parallel to the paleoflow direction. (In this
study only a 2-D cross section perpendicular to the
inferred paleoflow is simulated.) No bottomset lami-
nation has been identified. The permeability contrast
between the dark and light laminae is within the
same order of magnitude (Table 3).

Baybead-Delta Distributary Channel: Base
and Top Facies

These sediments consist of medium- to coarse-
grained, planar-tabular cross-bedded, flaser-bedded,
and tidally-bedded sandstones. Massive to repetitive
fining-upward successions are characterized by
basal scour surfaces marked by shale rip-up clasts
and channel lags. From seismic amplitude maps a
northwest (downvalley) bifurcation of the facies is
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Figure 3—Structural cross section CC' perpendicular to the incised valley trend across the center of the Countess YY
reservoir (see Figure 5) showing the outline of the Lower Glauconite channel cutting into the regional geology. The
dashed box refers to the part of the section represented in Figure 6C.

observed, indicating a distributary channel pattern.
Evidence of tidal activity is indicated by the pres-
ence of mud drapes and couplets, as well as a typi-
cal estuarine ichnofossil assemblage. This facies has
good reservoir quality and either gradationally over-
lies the fluvial facies or immediately overlies the
basal sequence boundary. Thickness ranges from 3
to more than 11 m. The gamma-ray log signature
shows an overall coarsening-upward trend, indicat-
ing a progradational environment. Individual
blocky to fining-upward units of 3-7 m thickness
can be identified, either as single units or stacked.
This facies is interpreted to represent bayhead-delta
distributary channels. Single and stacked channel

units show a fining-upward and an obvious shaling-
upward trend in core and on logs, with tidal mud
drapes being more abundant in the upper part of
the units, indicating either an increase in tidal influ-
ence or a decrease in energy during deposition. To
capture this trend in the geopseudo upscaling exer-
cise, the bayhead-delta distributary channel facies
is subdivided into a base and a top part.

A variety of structures indicating tidal influences
are present in this facies, but for geopseudo upscaling
and fluid-flow simulation purposes, we emphasize
modeling those structures that are expected to have
an impact on fluid flow; i.e., the mud drapes and mud
couplets. The base facies comprises structureless and

Table 1. Arithmetically Averaged Reservoir Properties per Facies Based on Core Plug or Wireline Data*

Porosity Ky Ky K/Ky Data

Facies Type (Fraction) (md) (md) Ratio Source
Fluvial 0.25 3118 932 0.30 Core plugs
Bayhead-delta distributary channel base 0.27 2399 1584 0.66 Core plugs
Bayhead-delta distributary channel top 0.27 2399 1584 0.66 Core plugs
IHS tidal point-bar base 0.28 3411 2388 0.70 Core plugs
IHS tidal point-bar top 0.25 1150 673 0.59 Core plugs
Delta-front turbidite sandstones 0.15-0.25 100-1000 - - Wireline logs
Delta-front turbidite shales 0.05 0.10 - - Wireline logs
Central basin 0.21 152 22 0.14 Core plugs
Marine shales 0.05 0.10 - - Wireline logs
Middle Glauconite channel 0.10 0.55 0.015 0.03 Core plugs

*K, = vertical permeability, K}, = horizontal permeability.
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Table 3. Summary of Probe-Permeameter Data Analysis

Arithmetic Coefficient of Number of
Structure Average Range Variation Measurements
Facies Type Type (md) (md) (md) (md)
Fluvial Dark laminae 3263 1800-4760 0.26 29
Light laminae 7730 5090-11,500 0.19 87
Bayhead Delta Mud drapes 30 1-152 1.00 40
Distributary Dark laminae 251 6-868 0.72 53
Channel Base Light laminae 2757 487-8261 0.70 66
Bayhead Delta Mud drapes 56 0-199 0.92 78
Distributary Dark laminae 415 56-1054 0.73 26
Channel Top Light laminae 2147 572-9061 0.60 119
IHS Tidal Point- Mud drapes 61* - - -
Bar Base Dark laminae 550 101-1316 0.74 18
Light laminae 2728 1123-5813 0.48 68
IHS Tidal Point- Mud drapes 61 0-175 1.07 21
Bar Top Dark laminae 550* - - -
Light laminae 2464 617-6402 0.60 34

*No structures available for measurement in core samples; value taken from the other IHS facies.

cross-bedded intervals, and intervals where the cross-
bedding is accompanied by mud drapes and cou-
plets. Bottomset lamination has been observed. The
top facies does not have massive intervals, and cross-
bedding occurs throughout. Compared to the base
facies, intervals with mud drapes are thicker and
occur more frequently, and the spacing between the
mud drapes is less (Table 2). The permeability con-
trast between laminae in this facies is one order of
magnitude, and the mud drapes and couplets are an
order of magnitude lower, resulting in an overall per-
meability contrast of two orders of magnitude (Table
3). Figure 4 illustrates a halved core of the bayhead-
delta distributary channel top facies and its corre-
sponding probe-permeameter profile.

Inclined Heterolitbics Tidal Point Bar: Base
and Top Facies

These sediments are characterized by a sharp to
erosive basal contact with a fining-upward trend.
They form a series of inclined fining-upward cycles
of fine, massive to tidally bedded, flaser-bedded
sandstones, alternating with 2-cm-thick continuous
mudstones. Locally, a restricted trace-fossil assem-
blage may be present. This facies has good reservoir
quality and overlies the bayhead-delta distributary
channel facies. Thickness ranges from 5 to 7 m. The
gamma-ray log signature shows an irregular, but
clearly fining-upward, profile. The sediments are
interpreted to be inclined heterolithics tidal point
bars, reflecting lateral migration of the bayhead-delta
distributary channels. The abundance of inclined

shale intervals increases toward the top of the suc-
cession. Sandstone intervals containing tidal mud
drapes also are more abundant in the top part of this
facies. These trends lead to a subdivision into IHS
(inclined heterolithic stratification) tidal point-bar
base and top facies.

As with the bayhead-delta distributary channel
facies, we emphasize modeling the mud drapes and
couplets for the geopseudo upscaling exercise. The
base facies features cross-bedding throughout and
contains a significant proportion of mud drape inter-
vals. Only a few 2-cm-thick shale intervals are
encountered. No evidence of bottomset lamination
has been found. The angle of inclination ranges from
5 to 19°, which reflects the typical increase in incli-
nation angle upward in the tidal point-bar succes-
sion (Thomas et al., 1987). Compared to the base
facies, mud drape intervals in the top facies are
much thicker and more frequent (Table 2). The shale
intervals are equally thick, but they are encountered
more often. The inclination angle is constant at 19°,
typical of the upper part of the tidal point-bar facies.
The overall permeability across the structures is two
orders of magnitude (Table 3). The shale intervals
are not characterized with the probe-permeameter.
In the geopseudo upscaling models, we used values
derived from the marine shale facies.

Delta-Front Turbidites: Distal and
Proximal Facies

These sediments were cored in wells north of
the Countess YY pool in another incised valley
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Figure 4—Sketch of a bayhead-delta top facies halved core sample with its corresponding probe-permeameter pro-
file on a linear scale. The sedimentary structures represented in this sample are light laminae (white), dark laminae
(shaded), and mud drapes/couplets (black) showing a permeability contrast of two orders of magnitude.

reservoir, and were not described in the paper by
Broger et al. (1997). These facies consist of a regu-
lar interbedding of planar to wavy parallel-laminat-
ed sandstones and weakly burrowed, dark-gray
mudstones. Locally, an abundance of wave-generat-
ed physical sedimentary structures are present,
such as flow ripple lamination. Fine mud laminae
are present in some intervals. The mudstone beds
are locally highly carbonaceous, and typically
much thinner than the intervening sandstone beds
(1-5 cm thick). They commonly contain convolute
laminations, syneresis cracks, and small-scale gravi-
ty faults. Bioturbation is rare in the sandier por-
tions of the facies, but increases in the mudstone
interbeds. The trace-fossil assemblage is restricted
in diversity (Planolites, Teichichnus, Cylindrich-
nus, Skolithos, and Tigilllites), indicating salinity
fluctuations or water turbidity. The heterolithic
character indicates repeated fluctuations in the
energy regime, and the sedimentary structures
reflect wave and storm processes. The deforma-
tion features indicate failure of the heterolithic
succession with depositional relief.

The deposits are encountered in a position lat-
eral to the bayhead-delta distributary channel and
IHS tidal point-bar facies, with thicknesses rang-
ing from 8 to 24 m. The gamma-ray log clearly
shows an irregular alternation of clean sandstone
and shale intervals. Reservoir properties were
estimated from well-log data because no core-
plug data were available for this study. Reservoir
properties and thicknesses of the sandstone inter-
vals increase upward, suggesting a sanding and
coarsening-upward trend that indicates prograda-
tion. This facies is interpreted to be deposited in
a bayhead delta-front turbidite environment, and
is inferred to have a lobelike geometry. In some
wells, the successions show overall lower porosi-
ty and permeability values than elsewhere, indi-
cating an areal variation in grain size or sand pro-
portion. This observation leads to a subdivision
into delta-front turbidite distal (lower properties)
and proximal ¢higher properties) facies.

Because core of this facies was not available for
observation at the time this study was done, no
measurements of the sedimentary structures were
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made, and no probe-permeameter measurements
were acquired; therefore, this facies is not included
in the geopseudo upscaling exercise.

Central Basin Facies

These sediments consist of fine-grained, rippled,
flaser-bedded and tidally bedded sandstones display-
ing abundant shale laminae and double mud drapes
with a low-diversity ichnofossil assemblage. This
facies has poor reservoir quality and occurs in inter-
vals with a thickness of 1 up to about 5 m at various
stratigraphic positions, most commonly on top of
estuarine sandstone facies and below marine shales
or the Middle Glauconite channel sediments. The
gamma-ray log signature is irregular and of interme-
diate values. This facies is interpreted to have been
deposited in the central basin environment, an estu-
arine body of water representing the prodelta region
of the bayhead delta. This facies is not modeled for
the geopseudo upscaling exercise due to the abun-
dance of sedimentary structures and burrows,
which makes its appearance very complex.

Marvrine Shales Facies

These sediments are not encountered in core,
but on logs these units of up to 5 m thickness show
a high and irregular gamma-ray response, indicating
a high shale content. This poor-reservoir-quality
facies is interpreted to be deposited as marine
shales. They form the uppermost facies within the
Lower Glauconite channel, and act as a seal where
present. This facies is not a candidate for the
geopseudo upscaling exercise due to the lack of
sedimentary structures.

Middle Glauconite channel

The Middle Glauconite channel sediments con-
sist of fine-grained, massive to low-angle laminat-
ed, flaser to tidally bedded sandstones displaying
rare mud drapes. On logs, the succession fines
upward into mudstones. The presence of a low-
diversity ichnofossil assemblage, tidal bedding
features, and occurrence within an incised valley
system leads to a tidally influenced estuarine inter-
pretation. This poor-reservoir facies overlies or
incises into the Lower Glauconite channel in all
wells, and forms a seal to the hydrocarbon-bearing
interval below.

LOWER GLAUCONITE CHANNEL EVOLUTION

The internal facies architecture of the Lower
Glauconite channel has been correlated for three

| _— |
0 02 04 06 08 1 km

Figure 5—Countess YY pool cross section base map.
Dotted lines indicate well trajectories from the single
surface drilling pad. Cross sections AA’, BB', and CC' are
shown in Figure 6.

cross sections that are both parallel and perpendic-
ular to the inferred paleocurrent direction using
the vertical facies distribution in the wells (Figures
5, 6). We attempt to relate the reservoir architec-
ture to the incised valley facies model previously
described. The areal extent of the various facies is
mapped in time to unravel the depositional history
of the Lower Glauconite channel. The successive
evolutionary stages are illustrated in Figure 7.

After incision of the system and initial deposition
by a northward-flowing and prograding braided flu-
vial system (phase 1), deposition of central basin
fines occurs (phase 2). The retreat of the fluvial
facies marks the onset of transgression. A bayhead-
delta distributary channel system progrades north-
ward in three successive stages (phases 3-5), and is
accompanied by IHS tidal point-bar and delta-front
turbidite sediments. The ongoing transgression
causes the bayhead-delta system to step back, and
again deposition of central basin fines occurs
across the area (phase 6). The final phase of the
transgression is marked by deposition of marine
shales, which are also deposited during the high-
stand phase (phase 7/8). Finally, the Middle
Glauconite channel is initiated during a subsequent
fall in relative sea level.

When comparing this reconstruction to the
incised valley facies model, many similarities can
be found, which justifies the use of this conceptual
model as a guide in creating the 2-D simulation
models described in following sections. Not only
do the facies types correspond to those in the
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Figure 6—Structural cross sections (see Figure 5 for locations) across the Countess YY pool, showing the correla-
tion of the vertical facies distribution in each well. The circled numbers represent evolutionary stages as shown in
Figure 7. (A) Cross section AA' parallel to the incised valley trend along the southern margin of the Countess YY
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tion also represents simulation models C1 and C2.
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model for the outer segment 1, but the evolution of
the system in response to relative sea level fluctua-
tions is also in agreement with the model; however,
we could not identify any barrier island, flood tidal
delta, tidal inlet, or washover sediments that should
be present in segment 1 of a wave-dominated
incised valley system. We believe that these facies
were once deposited, but subsequently eroded by
deposition of the marine shales or by incision of
the Middle Glauconite channel.

GEOPSEUDO UPSCALING EXERCISE
Method

Geological models commonly are upscaled or
averaged for use in a reservoir simulator. Geopseudo
upscaling is a method that attempts to incorporate
successive scales of geological heterogeneity into
effective fluid-flow functions. The scales of hetero-
geneity used are based on the inherent geological
hierarchy in sedimentary and sequence stratigraphic
systems. On the field scale, fluid flow is dominated
by viscous forces, and capillary forces are negligible;
however, on a small scale, capillary and viscous
forces interact with sedimentary structures, such as
laminae. Viscous forces drive oil out of and along
high-permeability laminae, and capillary forces drive
oil from low-permeability laminae into high-perme-
ability laminae by imbibition. The orientation of the
laminae plays a key role in the two-phase displace-
ment process. For example, flow along horizontally
arranged laminae will show improved sweep efficien-
cy, whereas flow across vertically arranged laminae
will be hindered, resulting in capillary trapping of oil
(Ringrose et al., 1993). This interaction of viscous
and capillary forces with small-scale sedimentary
structures must be captured within effective two-
phase flow functions, or pseudo functions. Flow
within each simulation model grid block is represent-
ed by saturation-dependent functions for the mobility
of each phase, known as relative permeability func-
tions. Pseudo relative permeability functions are
essentially the calculated effective multiphase flow
properties for a given medium under given flow con-
ditions. In the geopseudo upscaling procedure, these
pseudo functions are generated for each heterogene-
ity scale for both the vertical and horizontal flow
directions, and then incorporated into models at a
larger scale. The effects of sedimentary structures
thus are systematically incorporated into the pseudo
flow functions for the grid blocks in the full-field
model. This method also corrects for numerical dis-
persion effects caused by the use of large grid blocks
in a simulation model. For a more detailed explana-
tion of this technique, refer to Corbett et al. (1992),
Ringrose et al. (1993), and Pickup et al. (1994).
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Procedure

The core observations and probe-permeameter
data are integrated into generalized geopseudo
upscaling models for each facies. Cross-bedding
and mud drapes are modeled on a millimeter scale,
whereas the alternation of massive, cross-bedded
and mud-draped intervals is modeled on a decime-
ter scale. These two upscaling steps result in meter-
scale facies-specific grid blocks that are used to
populate the 2-D cross sectional simulation models.
These models do not exactly match geological reali-
ty; they merely try to capture the degree of hetero-
geneity present. Examples of geopseudo upscaling
models are given in Figure 8.

For the purpose of this study, simple 2-D
water-oil displacement experiments are simulat-
ed using the ecLipsk reservoir simulator with one
water injection well and one producing well at
the outer edges of the models. Production rates
and time steps are calculated for each model
such that two pore volumes of water are flooded
through them. Waterflood performance that is
influenced by small-scale sedimentary structures
may be different in the horizontal and vertical
directions; therefore, each model is run twice,
once to assess horizontal flow performance and
once to assess vertical flow performance, by
rotating the model 90°, resulting in two sets of
pseudo functions. In the vertical flow models the
densities of the phases are set to zero to cancel
out the effects of gravity.

The millimeter-scale models are run with the origi-
nal relative permeability rock curves. Ideally, one
should use facies-specific curves, but no relative per-
meability data were available for the Countess YY
pool. Instead, one set of curves originating from an
unknown facies in the nearby Countess D incised val-
ley reservoir is used. The D curves were scaled down
to the correct YY end points derived from wireline
logs. The pseupo module in ECLIPSE is run to calculate
average reservoir properties and pseudo functions
according to the Kyte and Berry method (Kyte and
Berry, 1975). The saturation endpoints of the pseudo
functions are kept constant. Directional pseudo func-
tions and averaged reservoir properties thus obtained
for the millimeter-scale models are subsequently used
as input for the decimeter-scale models. Results from
the decimeter-scale models are then used as input for
the facies-specific grid blocks in the 2-D simulation
models (Table 4).

Results
Differences in flow performance among the vari-

ous models occur only as a result of internal struc-
tural arrangements, permeability values, and the
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interaction of structures with the fluid displace-
ment process; all models have similar gridding and
flow parameters. From the saturation and inter-
block flow profiles of the millimeter-scale models,
we observed that capillary forces expel oil from
low-permeability laminae and mud drapes into
high-permeability laminae, where it is transported
further toward the producing well by viscous
forces. In Figure 9, a homogeneous model without
sedimentary structures is compared to models with
increasing heterogeneity; i.e., increasing perme-
ability contrast across sedimentary structures (note
that gravity drainage is rather extreme in the homo-
geneous model due to a high permeability value of
7730 md). From Figure 9 it is apparent that the

waterfront steepens as heterogeneity increases,
which effectively delays water breakthrough. This
effect is most obvious when the permeability con-
trast between the structures is one or more orders
of magnitude, hence it is less evident in the fluvial
cross-bedding model. Based on this observation,
we assume that the pseudo curves for the fluvial
model account only for numerical dispersion
effects, and that they can be used as a comparison
to other models to assess the impact of small-scale
heterogeneity superimposed upon numerical dis-
persion effects. At the millimeter scale, the most
significant changes in the shape of the pseudo
curves are observed in the mud drape models
(Figure 10), which can be explained by the presence
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Table 4. Averaged Reservoir Properties per Facies Obtained from the Geopseudo Upscaling Exercise*

Porosity Ky K, K/K;,
Facies Type (Fraction) (md) (md) Ratio
Fluvial 0.25 3789 2457 0.65
Bayhead-delta distributary channel base 0.27 1891 1102 0.58
Bayhead-delta distributary channel top 0.27 1330 988 0.74
IHS tidal point-bar base 0.28 1615 1207 0.75
IHS tidal point-bar top 0.25 1238 905 0.73

*K, = vertical permeability, Ky, = horizontal permeability.

of two orders of magnitude permeability contrast.
At the decimeter scale, the most significant
changes are observed in the tidal point-bar facies,
which can be explained by the high degree of het-
erogeneity caused by the abundance of mud drapes
and inclined shale intervals.

From the oil recovery efficiency curves of the
decimeter-scale models (Figure 11), we observed that
heterogeneity has a negative impact on vertical flow
performance compared to horizontal flow perfor-
mance. The bayhead-delta facies have a recovery effi-
ciency comparable to or even better than the fluvial
facies. An explanation for this can be found by look-
ing at the saturation profiles. Water saturation values
appear to be highest in the horizontally continuous
low-permeability mud drape intervals; oil is expelled
from these and brought into the higher permeability
cross-bedded intervals, where it is effectively trans-
ported to the producer. Thus, heterogeneity can posi-
tively contribute to a better sweep efficiency; howev-
er, in reality these intervals might not be as laterally
continuous as modeled here. From Figure 11, one can
see that the recovery efficiency of the tidal point-bar
facies is significantly less compared to the other
facies. As expected, the presence of inclined shales in
these facies prevents good sweep efficiency.

Table 4 shows the pseudo averaged reservoir prop-
erties per facies obtained from this exercise. This
table shows some significant differences compared to
averages based on core-plug values (Table 1). Probe-
permeameter data, the basis for the geopseudo
upscaled values, are sometimes derived from only
one halved core sample for a facies; however, facies-
specific core-plug averages are sometimes based on
only a few core plugs. A significant amount of uncer-
tainty is involved in both data sets. This uncertainty
could be reduced by acquiring probe-permeameter
data covering the complete cored sections.

HETEROGENEITY MODELING AND
SIMULATION RESULTS

To meet the objectives of this study, we created
seven different sensitivity models, in which all facies

are present, for cross section CC' perpendicular to
the inferred paleoflow direction. The simulation
results are summarized in Table 5. For each model, a
2-D water-oil displacement simulation is performed
during a period of 6000 days, with a hypothetical
water injection well, injector 1, placed at the center
of the model close to the location of well 16-26.
Production rates of Countess YY wells are scaled
down according to the ratio of 3-D reservoir to 2-D
model pore volume to obtain realistic rates for the
two hypothetical producing wells, producer 1 to the
left near the location of well 10-26, and producer 2 to
the right near the location of well 01-35. The injec-
tion rate is controlled by a voidage replacement
scheme. Because of gravity and the general fining-
upward trend within the reservoir, injected water
slumps down toward the high-permeability fluvial
facies in the aquifer (see Figure 3 for the location of
the oil-water contact). Thus, oil displacement occurs
mainly by rising of the oil-water contact. To avoid
severe coning and high watercuts, perforations are
limited to the higher parts of the reservoir. All models
have similar gridding and flow parameters; thus dif-
ferences in flow performance only occur as a result
of reservoir architecture, permeability values, and
the interaction of facies with the fluid displacement
process.

Comparison of Modeling Approaches and
Microscale Heterogeneity Impact

As stated in the objectives, we compare three
different modeling approaches:

eLayercake model C3 (Figure 12A)
eReservoir architecture model C2 (Figure 12B)
*Geopseudo upscaled model C1 (Figure 12C)

The C1 and C2 models have poorer sand-body
connectivity compared to layercake model C3
because bayhead-delta distributary channels are
embedded in poor-reservoir-quality central basin
fines, and because the shales in the delta-front
turbidite facies are modeled here as low-perme-
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ability barriers. Model C3 has a stable, gradual
rise of the oil-water contact, whereas the water-
front in the other two models is clearly affected
by the presence of shales and by poorer sand-
body connectivity.

The C1 and C2 models appear to give identical
results when fieldwide production data are ana-
lyzed; however, differences become apparent
when well-specific data are examined (Figure 13;
Table 5). Oil recovery of producer 1 in model C1
is 7% less than that of model C2. This difference
can be explained by the presence of the tidal
point-bar facies in this well’s drainage area that
were predicted to have poorer performance from
the geopseudo upscaling exercise. This differ-
ence is confirmed by slightly earlier water break-
through and a steeper increase in water cut. In
producer 2, oil recovery in model C1 is 8% higher
than that of model C2, which can be explained by
the presence of fluvial and bayhead-delta facies
that were predicted to result in better perfor-
mance. This result is confirmed by later water
breakthrough. The expected effects from using
the geopseudo upscaling results are thus con-
firmed. The reverse results seen in both wells
cancel out in the fieldwide production data, but it
has been shown here that using geopseudo

curves and incorporating microscale hetero-
geneities in fluid-flow simulations does make a
significant difference in individual well produc-
tion performance, depending on the facies types
involved.

Fieldwide production data indicate that model
C3 has an optimistic performance (11% higher field
cumulative oil recovery compared to that of base
case model C1), which can be explained by the
low degree of heterogeneity and good reservoir
connectivity in this model. Modeling the geology as
a layercake may cause significant errors in produc-
tion forecasting.

Mesoscale Heterogeneity Impact

The facies distribution in cross section CC' is
constrained by data from three wells. Significant
uncertainty is involved in correlating facies in the
interwell area. A large number of possible realiza-
tions could be created, but for the purpose of this
study only three cases are generated:

* A worst-case model C4 (Figure 14A)
¢ A best-case model C5 (Figure 14B)
*An intermediate model C1 (Figure 6C)
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Figure 12—Horizontal permeability distribution in simulation models C1, C2, and C3. (A) Layercake model C3 with
averaged permeability values per layer based on core-plug values (Table 6). (B) Reservoir architecture model C2
with averaged permeability values per facies based on core-plug values (Table 1). (C) Geopseudo upscaled model C1
with pseudo-averaged permeability values per facies based on probe-permeameter data (Table 4).

All three models use results from the geopseudo
upscaling exercise. By comparing Figures 14 and
6C, it can be seen that the most important factors
discriminating between these models are the pro-
portion of good-reservoir-quality facies and the
level of sand-body connectivity. The fluvial facies as
modeled in C1 and C5 is interpreted to be a sheet
of amalgamated braided fluvial sandstone bodies.
An alternative correlation shown in model C4 con-
fines the upper portion of this braided system to a
narrower, isolated channel. The most important dif-
ference among the three models is the variation in
dimension of the bayhead-delta distributary chan-
nels. From sand-body thickness encountered in
core it is possible to predict a range of channel
widths using different relationships published by
Fielding and Crane (1987). Table 7 gives the calcu-
lations performed for a number of different channel
depths. We assume that sand-body thickness as
seen in core is the same as the channel depth, thus
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ignoring preservation and compaction factors.
Note, however, that these relationships are based
on fluvial channel systems, although we are dealing
here with a tidally influenced fluvio-deltaic system.
At present, no studies on channel width/depth rela-
tionships for these systems are available.
Waterflood performance is poorest for model
C4. Saturation profiles indicate that poor sand-
body connectivity and lower proportions of good-
reservoir facies result in poorly swept zones and
hampered flood-front movement. Best perfor-
mance comes from model C5, where excellent
sand-body connectivity and high proportions of
good-reservoir facies result in a more stable
flood-front movement. These results are not sur-
prising; of greater interest is the fact that the dif-
ferences in performance can be assessed quanti-
tatively. Production data (Figure 15; Table 5)
show significant differences in cumulative oil
recovery compared to model C1, with up to 30%
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Figure 13—Comparison of simulation results of the three modeling approach/microscale heterogeneity sensitivity
models. Note that cumulative oil recovery curves are given for well producer 2 only to show the difference between

models C1 and C2 (see text for explanation).
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model C1 represented in Figure 6C.

difference between extreme cases C4 and C5.
Also, the difference in initial oil-in-place values is
not insignificant, with 12% between extreme
cases C4 and C5. Note that the performance of
layercake model C3 resembles that of the best-
case scenario model C5. This similarity suggests

that modeling the incised valley geology as a lay-
ercake is an optimistic scenario, and that it is
more likely that an incised valley reservoir will
perform less well. This, of course, depends on
the nature of the valley fill. We have shown that
mesoscale heterogeneity and the uncertainty in
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Table 6. Arithmetically Averaged Reservoir Properties per Layer Based on Core-Plug or Wireline Data*

Based on Porosity Ky K, K/Ky, Data
Layer Properties of Facies (Fraction) (md) (md) Ratio Source
Layer G Middle Glauconite 0.10 0.55 0.015 0.03 Core plugs
Layer F Marine shales 0.05 0.10 - - Wireline logs
Layer E Central basin 0.21 152 22 0.14 Core plugs
Layer D IHS tidal point bar 0.26 2280 1530 0.67 Core plugs
Layer C Fluvial** 0.27 2560 1690 0.66 Core plugs
Layer B 0.27 2840 1875 0.66 Core plugs
Layer A 0.25 3118 932 0.30 Core plugs
*K, = vertical permeability, K}, = horizontal permeability.
**|Interpolated between layers D and A.

Table 7. Bayhead-Delta Distributary Channel Width Calculations
Channel Depth, b, and Channel Width, w, Relationships (from Fielding and Crane, 1987)
Case 1b: channels that have not been allowed to migrate laterally w = 0.95(h)201
Case 2a: geometric mean of all fluvial channel types w=12.1(h)18
Case 2b: truly meandering streams w = 64.6(h)154
Calculated Channel Widths (sand-body thickness equals channel depth)

Channel Case 1b Case 2a Case 2b
Well Depth (m) Width (m) Width (m) Width (m)
Well 10-26 upper and lower channel and well 16-26 4 15 157 546
Well 01-35 5 24 238 770
Well 10-26 middle channel 7 47 443 1293
Channel Widths Used in Two-Dimensional Simulation Models

(widths <100 m are considered too narrow for grid-block resolution used)

Channel Worst-Case Base-Case Best-Case
Well Depth (m) Width (m) Width (m) Width (m)
Well 10-26 upper and lower channel and well 16-26 4 100 150 500
Well 01-35 5 100 250 700
Well 10-26 middle channel 7 200 400 1200

the facies distribution can introduce major errors
in both forecasting production and estimating
reserves.

Macroscale Heterogeneity Impact

The extent of the Lower Glauconite channel is
defined by integrating well and seismic data,
although some degree of uncertainty is involved in
interpreting the 3-D seismic data. The good-quality
seismic data can pick up only good-porosity zones
that are thicker than 4-5 m. One of the pitfalls in
interpreting the data is the similarity of the ampli-
tude signature of the Lower Glauconite channel
and the stratigraphically lower Ostracod member
because their velocities and densities are similar.

The truncation of the Ostracod member is one of
the criteria for recognizing the incised valley sys-
tem, but it is difficult to distinguish the two strati-
graphic members seismically; moreover, where
the Lower Glauconite channel does not incise
deep enough to erode the Ostracod, the reflec-
tions interfere with each other. From the seismic
section corresponding to section CC', we found
that the transition from the amplitude signature of
the Lower Glauconite channel into that of the
Ostracod member occurs over an interval approxi-
mately 50-100 m wide, allowing the generation of
three cases:

* A big container model C6 (Figure 16A)
A small container model C7 (Figure 16B)
e An intermediate model C1 (Figure 6C)
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Production data (Figure 17; Table 5) show signif-
icant changes in performance, most notably the ini-
tial oil-in-place values, where a difference of 21%
between extremes is observed. Most oil is recov-
ered from the model with the largest initial oil-in-
place value, model C6, but the oil recovery curves
for all three models are similar during the bulk of
the production period. We have shown that
macroscale heterogeneity and uncertainty in seis-
mic interpretation may produce substantial errors
in reserves estimation and, to a lesser extent, in
production forecasting. Again, this is not surpris-
ing, but the oil recovery and oil-in-place numbers
obtained in this study do allow a quantitative com-
parison between all the sensitivity models.

CONCLUSIONS

(1) The facies types recognized in the Lower
Glauconite channel and the reconstructed evolution
of this system in response to relative sea level
changes are in good agreement with the incised val-
ley facies model as proposed by Dalrymple et al.
(1992) and Zaitlin et al. (1994). Not identified barri-
er-island-related facies are assumed to have been
eroded by later marine shale and Middle Glauconite
channel deposition.

(2) Results from the 2-D geopseudo upscaling exer-
cise predict that small-scale heterogeneity in the high-
ly permeable fluvial facies has no impact on sweep
efficiency; however, in the bayhead-delta facies, a per-
meability contrast of two orders of magnitude is
expected to contribute to an improved sweep effi-
ciency. In contrast, inclined shale intervals in the tidal
point-bar facies are thought to prevent good sweep
efficiency. These predicted effects from the geopseu-
do upscaling exercise have been confirmed by the
results of simulating the 2-D cross-sectional models.

(3) Modeling an incised valley reservoir as a layer-
cake has proved to result in optimistic performance,
leading to 11% higher oil recovery when compared
to a 2-D geopseudo upscaled model. In a highly
favorable scenario, an incised valley reservoir indeed
may behave like a layercake, but it is more likely that
it will perform less well because of the complex
reservoir architecture and high degree of reservoir
heterogeneity that may be present.

(4) Applying the geopseudo upscaling method and
incorporating microscale heterogeneities or small-
scale sedimentary structures in 2-D fluid-flow simula-
tions has proved to make a significant difference in
individual well oil recovery (up to 8%), depending on
the facies types involved in a well’s drainage area.

(5) Incorporating mesoscale heterogeneities
modeled as variations in sand-body dimensions and
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connectivities in 2-D fluid-flow simulations has
proven to have a major impact on field oil recovery,
leading to differences of up to 30% between extreme-
ly positive and negative 2-D cases. The impact on
original oil-in-place values is not insignificant, with a
difference of 12% between extreme 2-D cases.

(6) Incorporating macroscale heterogeneity
expressed as variations in incised valley size

defined by seismic interpretation in 2-D fluid-flow
simulations has proved to have greatest impact on
original oil-in-place values, leading to differences
up to 21% between extreme 2-D cases. The impact
on oil recovery values is not insignificant, with a
difference of 11% between extreme 2-D cases.

(7) Not taking into account small-scale sedimenta-
ry structures, uncertainty in reservoir architecture,
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Figure 17—Comparison of total-field simulation results of the three macroscale heterogeneity sensitivity models.

and incised valley size in reservoir simulation stud-
ies can introduce substantial errors in reserves esti-
mation and production forecasting

DISCUSSION

The conclusions from this study are only valid for
2-D hypothetical cases and should not be applied
directly to practical field situations; moreover, the
results are case specific because incised valley-fill
geology is highly complex and variable. To fully
appreciate the impact and value of the geopseudo
upscaling approach, a 3-D geopseudo upscaling
exercise should be undertaken. In their paper,
Ringrose et al. (1993) stated that certain bedforms,
such as a trough cross-bed model, require a detailed
3-D grid model. They showed that the sweep effi-
ciency of a 3-D bedform model may differ consider-
ably from that of a 2-D model. In addition, a full-field
3-D simulation study should be done, which enables
direct comparison of simulation results with real
production data. When changing parameters in his-
tory-matching exercises, one should consider the
various uncertainties involved in modeling the com-
plex geology of an incised valley reservoir.

When applying the geopseudo upscaling ap-
proach, it is recommended to start a fit-for-purpose
data acquisition program early in the life of a field.

Ideally, the data set should include core data, probe-
permeameter profiles, facies-specific relative per-
meability curves, well-log data, and seismic data.
Outcrop analog or modern depositional environ-
ment studies can be used to create more realistic
3-D upscaling models, such that flow perpendicu-
lar to and parallel to paleoflow directions can be
simulated. Adopting the geopseudo upscaling
method does require an increased effort in reser-
voir description compared to using the simplified
layercake or conventional upscaling or averaging
methods, but the benefits include more realistic
reserves estimation and reservoir performance pre-
diction, enhanced reservoir understanding, and
improved reservoir management.
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