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Abstract 

Aeolian sands are the main reservoir rock in some of the largest gas fields, such as the Shell-Exxon Groningen Field, operated 
by NAM. Although aeolian reservoirs have been studied for many years, there is still room for improvement in the predictive 
modeling of such reservoirs. A pilot project with this objective was initiated by SIEP B.V. in 1997, together with Heriot-Watt 
University in Edinburgh, UK and with Uppsala University, Sweden, to evaluate the factors influencing aeolian systems, and 
to formulate a forward model using 'fuzzy logic'. 

The project was initiated to develop a fuzzy system for generic modeling of aeolian architectures. The key aims were to be able 
to predict the type, amount and distribution of major facies in generic aeolian systems and specifically to model regional-scale 
architecture in the sub-surface. Fuzzy rules and sets, which defined the behaviour of aeolian systems, were constructed and 
used to modify the pre-existing fuzzy modeling software which had been designed for shallow and deep marine systems. The 
modeling procedure used input data appropriate to the Rotliegend climate, and was validated by comparing the resulting 
models, in terms of thickness and spatial distribution of facies types, to well data from the Upper Rotliegend interval of the 
Lauwerszee Trough area, NE Netherlands (Figures 1 & 2). 
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Introduction 

The Slochteren Formation of the Upper Rotliegend 
Group forms the main reservoir in the NE Nether­
lands. The reservoir sands were deposited in a desert 
plain setting along the edge of the southern Permian 
Basin. Fluvial deposits, sourced from the Variscan 
front, dominate the facies to the South and East of 
the Groningen Block. Major phases of lake expansion 
from the North resulted in the deposition of the clay-
rich Ameland and Ten Boer Members, the latter rep­
resenting the final phase of the Permian Upper 
Rotliegend sedimentation (Figure 3). The Upper and 
Lower Slochteren Sandstones lie between these lacus­
trine transgressions and represent the most northerly 

advance of the erg during climatic dry phases. 
NAM's exploration studies around theWadden Zee 

concentrate on areas that were marginal to the Permi­
an desert lake. Facies development and primary 
reservoir quality are, therefore, major uncertainties. 
Various geological models have been made through­
out the years, many of which are based on sound geo­
logical reasoning, but due to the barren nature of the 
Rotliegend, they all lack a sound chronostratigraphic 
framework to constrain the correlations. 

Depositional modeling, based on understanding the 
depositional controls, may significantly reduce the as­
sociated risks. Ladipo (1997) subdivided the Upper 
Rotliegend Group according to a sequence analysis 

Geologie en Mijnbouw / Netherlands Journal of Geosciences 80(1) 2001 53 

https://doi.org/10.1017/S0016774600022162 Published online by Cambridge University Press

mailto:caroline.hern@pet.hw.ac.uk
https://doi.org/10.1017/S0016774600022162


4 

N 

t 
\ * 

4S 
-?<? 

Vt 
WADDENZEE 

Fig. 1. Location of the study area. Gas fields in green. 

approach and constructed a depositional framework 
using the recognition of facies types and vertical asso­
ciations, as well as their lateral relationships. The 

V HIOH 

Fig. 2. Main tectonic elements. 

lithofacies associations and depositional subenviron-
ments identified were grouped into genetic units or 
cycles. Predictions of the architecture were based on 
the climatic control of aeolian sedimentation. For ex­
ample, changes from a dry to a wetter climate were 
considered to result in an increase in sediment supply 
and lake-level rise. Aeolian dune formation was con­
sidered to be related to the reworking of sands during 
a dry climatic phase. A consequence of this climate-
based model was that shale layers were considered to 
approximate time lines because they are related to a 
synchronous change in climate (Figure 4). 

Although this model, based on the understanding 
of geological processes, is very appealing, it has too 
coarse a resolution to enable reservoir prediction at a 
useful scale and independent age control is still lack­
ing. To investigate whether it would be possible to 
predict the distribution of aeolian Rotliegend reser­
voirs by building a forward model based on control­
ling geological processes alone, a joint study was un­
dertaken by Shell International Exploration Produc­
tion B.V. and the Heriot-Watt and Uppsala Universi­
ties. 

Controlling Parameters 

The architecture of aeolian systems results from the 
interaction of key variables such as climate, sediment 
availability, subsidence, and in some cases, eustacy. 
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WIND DIRECTION W FLUVIAL AXES 

Fig. 3. Paleogeography of the Lower Slochteren Formation. 
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Fig. 4. Regional correlation of Upeer Rotliegend cycles (A) and schematic lake level curve of the Permian desert lake (B). 

Each variable changes temporally and spatially, and 
consequently, so does the relative influence it exerts 
at a given location and time. Such changes, both in 
magnitude and influence, are cumbersome to charac­
terize numerically, but are represented very well by 
fuzzy logic. 

Prediction of the architecture of ancient aeolian de­
posits requires an understanding of the dynamics that 
control the development of the precursor aeolian sys­
tem. Today, deserts are formed in arid climates where 
potential evapo-transpiration exceeds precipitation. 
Hence, deserts often occur within the zones of tropical 
high pressure cells, where the descending, stable di­
verging trade winds are unlikely to produce rain (Fig­
ure 5). The aeolian system can be described in terms 
of the key parameters that act within it, and a compre­
hensive description requires the characterization of 
not only these parameters in terms of their minima, 
maxima, distribution and cyclicity, but also of the in­
teractions that occur between them (Thomas & Shaw, 
1991). Currently, no model exists that unifies the con­
trols together with the processes and responses, al­
though the first principles of aeolian system response 
are relatively well understood (Kocurek & Havholm, 
1993). In any predictive model, it is therefore neces­

sary to determine which are the key parameters, how 
these parameters change, how they influence the aeo­
lian system (from initial transport through to the final 
preserved sequence) and how they interact, including 
any co-dependencies that may exist between them. 

Fig. 5. Location of some of the present-day deserts in the eastern 
hemisphere. 
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Aeolian systems can be divided into three domains 
that are distinct, based on the processes acting within 
them and the temporal variation existing between 
them. These are transportation & deposition, accu­
mulation and preservation (Kocurek & Havholm, 
1993; Figure 6a & b). Transportation refers to the 
movement of silt and sand grade particles by the 
shearing action of the wind over the exposed surface. 
Sand grade material saltates, in a layer extending up 
to a few cm above this surface, or rolls along the sur­
face. The mode of transportation is determined by the 
wind velocity and grain size, with movement by salta­
tion being the most common transport process for 
fine to medium grade sand. Only the silt grade frac­
tion is light enough to be transported in suspension. 
Sand will not move unless acted upon by a wind that 
exceeds its threshold velocity, as defined by Bagnold 
(1941). This threshold velocity is a function of grain 
density, grain size, surface roughness and cohesion. 
The latter is a property of the surface and is con­
trolled either directly or indirectly by rainfall. 

Deposition occurs when the velocity of the wind falls 
below the level that is required to keep the grains in 
motion. Initiation of deposition often occurs at minor 
irregularities that increase the shear drag such as veg­
etation, animal remains, bioturbation or patchy pre­
cipitation of salts on the surface. Once deposition has 
been initiated, dunes commonly develop. In areas of 
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Fig. 6a. Transport & accumulation domain. 
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Fig. 6b. Preservation domain. 

low wind energy, for example, where regional airflow 
is decelerating or diverging (Wilson, 1971), deposi­
tion is concentrated and dunes aggregate to form 
sand seas (Fryberger & Ahlbrandt, 1979). 

Accumulation is defined as net deposition through 
time, and an accumulation is separated from the sedi­
ment in transport above it, by a surface that joins suc­
cessive dune troughs together (Kocurek & Havholm, 
1993). Preservation occurs when the accumulation is 
placed below the regional baseline of erosion and is 
incorporated in the rock record (Kocurek & Hav­
holm, 1993). Factors that favour preservation include 
subsidence and a rise in the level of the water table, 
whether absolute or relative. 

Factors Influencing Aeolian Systems 

From experience with 2D forward modeling (De 
Jongh, 1996; Fonseca, 1999), it may be deduced that 
only four main controlling parameters determine the 
stratigraphy in a coastal marine setting: subsidence, 
topography, eustatic sea level and sediment supply. 
Subsidence is determined by large-scale tectonic 
movements, which create the accommodation space 
required to preserve deposits. Topography determines 
the local distribution of facies. Eustatic sea level, in 
conjunction with subsidence, influences accommoda­
tion space and small-scale variations in sediment dis­
tribution and can be directly linked to the eustatic 
sea-level curve of Haq et al. (1988). Sediment supply 
is governed mainly by variation in climate and tecton­
ic activity. 

The controlling parameters deduced for the aeolian 
model are by and large the same as those for the 
coastal marine setting. The only difference is that the 
sea-level curve is replaced by a lake level curve, which 
is governed by climatic variation. Climatic factors al­
so play an important role not only in sediment supply, 
but also in redistribution of sediment under the influ­
ence of the wind. A short review of the influence of 
key factors is given below. 

Wind 

At a regional scale, wind is the movement of air from 
a region of higher pressure to one of lower pressure. 
This can be predominantly horizontal, such as in 
trade wind belts, or vertical, due to adiabatic convec­
tion. Wind controls the spatial and temporal distribu­
tion of dry sand and silt-sized particles. The sediment 
saturation of the wind determines whether it trans­
ports, deposits or erodes. For simplicity, the erosive 

Geologie en Mijnbouw / Netherlands Journal of Geosciences 80(1) 2001 57 

https://doi.org/10.1017/S0016774600022162 Published online by Cambridge University Press

https://doi.org/10.1017/S0016774600022162


capacity of the wind in AEOLIAN FUZZIM is treat­
ed as proportional to velocity. 

Rainfall 

Effective precipitation is defined as the amount of 
rainfall that exceeds evaporative loss. Rainfall in the 
contemporary desert environment exerts an effect in 
three main ways: 
- By determining the amount and frequency of sedi­

ment input to the receiving basin, and its transport 
pathway via rivers etc. 

- By increasing the threshold velocity either directly, 
by dampening the desert surface and increasing co­
hesion between grains (Arens, 1996, Nickling, 
1978), or indirectly, by promoting growth of vege­
tation which significantly increases the surface 
roughness. Under contemporary environmental 
conditions, dune fields are commonly regarded as 
inactive due to the stabilizing effects of vegetation 
cover, in regions where the annual precipitation is 
greater than 150mm (Wiggs et al., 1995). 

- By partly controlling the level of the water table. 

Temperature 

Temperature is defined as the state of hotness or cool­
ness of a body, in this context, the atmosphere and 
surface of the earth. Temperature variations in the at­
mosphere and surface of the earth result from differ­
ential insulation by sun. Temperature influences the 
aeolian system in two ways; it controls the viscosity of 
the air, indirectly affecting the sediment carrying ca­
pacity of the wind, and in conjunction with the wind, 
controls the rate and amount of evaporation. 

Source and supply 

In this context, source is defined as the sediment that 
enters a basin. In aeolian systems, the primary source 
of sediment is alluvium (Cooke et al., 1993, Williams 
& Lee, 1995). Sediment is generated from the erosion 
of hinterland areas and transported into the basin as 
either debris flows on alluvial fans (typical in arid cli­
mates) or as bed load within (ephemeral) river sys­
tems in more humid climates. Sediment supply is the 
amount of sediment released for transport into the 
basin. It is strongly correlated to rainfall, but may be 
partly affected by tectonism, which can increase the 
amount of sediment generated, by uplift and rejuve­
nation of the hinterland. 

The reworking of previously deposited sand provides 
secondary sources of sediment. These sources may be 

adversely affected by changes in base level, as the sed­
iment within the capillary fringe of the water table 
tends to be trapped due to the increased cohesion. 
Such base level changes may result from increased 
rainfall, sea level rise or subsidence. In the Rotlie-
gend, secondary sources of sediment to the East were 
frequently trapped by rises in level of the Silverpit 
Lake, which fluctuated in response to glacially driven 
climatic wettening (Glennie et al., 1994). 

Basin Topography 

Basin topography is defined as the shape of the basin. 
This controls the location of alluvial sediment input 
and provides accommodation space for deposition 
(Kocurek & Havholm, 1993). In addition, basin topog­
raphy determines areas of regional flow divergence or 
convergence, which in turn, controls the location and 
activity of aeolian accumulations (Wilson, 1973). 

Topography also influences precipitation. Climatic 
modeling by Kutzbach & Ziegler (1994) shows a con­
spicuous increase in rainfall levels that are associated 
with orographic elevations. Such orographic rains do 
not occur if the modeled surface remains flat. 

Subsidence 

Subsidence is the progressive sinking of a basin. Sub­
sidence can vary temporally and spatially and the rate 
at which it does so is controlled by tectonic readjust­
ments to crustal stress patterns. 

Subsidence, in conjunction with basin geometry and 
relative or absolute water table variations, largely de­
termines the preservation potential of sequences (Ko­
curek & Havholm, 1993). 

Tectonism 

Tectonism is the process responsible for crustal 
movements. It varies both spatially, controlling rela­
tive activity of areas, and temporally, with slow move­
ments requiring geological time scales to be notice­
able, to very rapid catastrophic events. Tectonism 
controls uplift in the hinterland, determining the vol­
ume of sediment that can be generated, compartmen-
talization of the basin into areas of quiescence and ac­
tivity, and also controls subsidence rates. 

Sea Level Fluctuation 

Sea level fluctuation is the relative or absolute change 
in mean sea level, and this varies over geological time 
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scales. A number of factors influence changes in sea 
level, for example, the growth of glaciers (Marsh & 
Ditlevsen, 1997) which results in rapid, high magni­
tude (cm per year), global changes, or changes in the 
volume of ocean ridges, which results in slow, low 
magnitude, changes. Spatially, absolute changes in 
sea level are global in extent, but relative changes may 
be more local in extent, for example if influenced by 
subsidence on a passive margin. 

Sea level may influence aeolian systems in numerous 
ways. Changes in sea level may alter the area available 
for source generation, as in the Permian Cutler For­
mation of SE Utah (Loope, 1985). Sea level, in con­
junction with subsidence, may also be important in 
some systems by contributing to water table fluctua­
tions and, in so doing, control accommodation or 
preservation space. 

The Rotliegend basin was ostensibly land locked. 
Glacially driven changes in sea level and the periodic 
marine flooding of the basin associated with inter-
glacial high stands, are however, thought to have al­
tered the size of the lake and thus controlled the area 
available for generation of secondary sediment sour­
ces (Glennie et al., 1994). 

major effects of this in conjunction with plate config­
uration is the initiation and collapse of glaciations. 
Glaciations occur during periods of low-level insula­
tion that result in a net cooling of the Earth's surface. 
The intensity of glacial periods depends on the mag­
nitude of the orbital variation, but this can be en­
hanced considerably by plate configuration and is es­
pecially pronounced when plates overlie either pole, 
as in the Permian (Figure 7). Because much of the 
water is held as snow, glacial periods are typically arid 
and times of low sea level, whilst interglacials are, 
conversely, humid and of high sea level. Often, al­
though not exclusively, periods of desert formation 
are associated with arid climatic conditions induced 
by high-latitude glaciations. 

Different parameters of orbital variation give rise to 
four nested cycles of distinct frequencies (Figure 8) 
where frequency is generally regarded as inversely pro­
portional to the climatic effect (Perlmutter & 
Matthews, 1989). As the orbital cycles, either directly 
or indirectly, drive variations in the parameters listed 
above, temporal changes in these parameters are likely 
to occur at frequencies defined by the orbital cycles. 

Fuzzy Logic 

Driving Mechanisms 

Variations in the earth's orbital parameters are 
thought to be responsible for climate and sea level 
fluctuations. The variation in orbital parameters con­
trols the amount of solar insulation received by 
Earth's surface (Imbrie & Imbrie, 1979). One of the 

/v\ / 

In conventional, two-valued (or crisp) mathematical 
logic, only two states are allowed, true or false. That 
is, an object either is, or is not, a member of a particu­
lar set. There is no room for uncertainty. This rigidity 
means that conventional logic is less suitable for han­
dling vague and ambiguous information, such as 
qualitative geological knowledge. 

Fig. 7. Location of the continental plates during the Sakmarian stage. On the left the North Pole and on the right the South Pole. 
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Fig. 8. Major orbital cycles. 

Zadeh suggested a more general form of logic, called 
'Fuzzy Logic', in the 1960's (Zadeh, 1965). This new 
approach allowed for definition of partial member­
ships, which not only opened up possibilities for for­
mal definition and analysis of qualitative information, 
but also allowed for very efficient treatment of com­
plex non-linear relationships. 

The fundamental concept in fuzzy logic is the fuzzy 
set (Figure 9). The membership values for a fuzzy set 
are denned by a membership function, a curve based 
on some, usually continuous, domain variable. A 
fuzzy set 'shallow', for instance, would have a mem­
bership function close to 1.0 (true) for very shallow 
depths (immediately below the water surface), which 
would decrease as depth increased. At some depth, 
say 80m, it is definitely not shallow any more and the 
function reaches 0.0 (false). An intermediate depth 
of, say 35 m, will thus not be forced into either being 
'shallow' or not being 'shallow', but can be 'shallow' 
to a certain degree, say 0.85. 

A fuzzy rule uses fuzzy sets in the premise (and usual­
ly also in the conclusion). Similar to conventional log-

IF shallow AND near river THEN deposit much 
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35 depth (m) 

near river 
_ ^ ~ max=0.85 

/ rmn=0.3 

5000 distance (m) 

deposit much 

A 
sed.rate 
(mm/yr) 

Fig. 9. Graphic of a fuzzy rule using the AND-operator (conjunc­
tion). 

ic rules, the truth of the premise determines the truth 
of the conclusion. But because fuzzy sets are used, the 
conclusion does not have to be either true or false. It 
can also be true only to a degree. The truth of a rule 
with more than one fuzzy set in the premise is deter­
mined by the lowest truth-value when the operator is 
'AND' (conjunction), and by the highest value when 
the operator is 'OR' (disjunction). 

A collection of fuzzy rules applied to a particular 
problem is called a fuzzy system. The output from a 
fuzzy system is a compromise between the conclu­
sions from all rules executed in parallel. A fuzzy sys­
tem can be regarded as analogous to a collection of 
equations, which together are capable of solving com­
plex non-linear problems. The difference is that a 
fuzzy system is more flexible, easier to understand, 
and handles qualitative data in a much better and 
more intuitive way. 

The Aeolian Model 

Using the geological knowledge of aeolian system be­
haviour and the key variables including their ranges, 
interactions and temporal variation, fuzzy sets and 
rules were constructed to produce a predictive model 
that replicates the system behaviour. 

Input Data 

Ranges in key variables, used to construct fuzzy sets, 
were derived from a combination of contemporary 
meteorological data and from palaeo-climatic model­
ing of the Quaternary and Permian. Each data source 
has associated advantages and disadvantages. 
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Contemporary meteorological data, although attrac­
tive due to its abundance, detail and certainty, it is of 
limited use, as it reflects our present interglacial con­
ditions. Many of the world's ancient desert systems, 
and certainly those of the Permian, were deposited 
during glacial periods, when both the northern and 
southern hemispheres were under the influence of 
high latitude ice sheets. The high-pressure systems, 
which developed over the poles, compressed climatic 
belts, resulting in an increase in average wind velocity 
at trade wind latitudes. In addition to variation in 
glacial and interglacial wind velocity, the temporal 
distribution of velocity may also have been different 
and it is likely that the stronger glacial winds blew for 
longer periods of the year. In consequence, during 
glacial periods, the potential for moving sand was 
much greater. 

Data calculated from Pleistocene glacial periods, 
such as temperature (deduced from a180 analysis of 
ice cores), wind speeds and rainfall; at least provide a 
more realistic basis for comparison. However, the dis­
tribution of land areas in the Permian was vastly dif­
ferent to that in the Quaternary. This would have in­
fluenced temperature, rainfall and wind patterns as a 
result of spatial differences in insulation. 

Palaeo-climatic modeling provides the third data 
source. These models provide quantitative estimates 
of a wide array of climatic variables (temperature, 
cloudiness, wind strength and direction) at high tem­
poral resolution (daily) and geographical complete­
ness. The method has the advantage of simulating the 
correct landmass distribution, but, like all models, it 
is dependant to an extent on the input variables. Fur­
ther disadvantages of such data include the current 
inadequate parameterization, over-simplistic algo­
rithms, primitive coupled atmosphere-ocean systems, 
and technological limitations with respect to the re­
quired computer power (Allen et al., 1994). Never­
theless, the data from such models provide a useful 
constraint on the key parameter input values derived 
from alternative sources. 

In addition to the variable ranges from the data 
sources above, other variables were necessary in order 
to characterize the system. These included a topo­
graphic surface (Top Carboniferous), a basic subsi­
dence curve and wind directions for the Lower and 
Upper Slochteren Sandstones. Each of these variables 
was sourced from analysis of the subsurface data. 

Model Construction and Behaviour 

The program 'AEOLIAN FUZZIM' is a 3D stratig­
raphy forward modeling tool, using fuzzy systems in­

stead of equations, to determine where and when sed­
iments should be deposited or eroded. It takes, as in­
put, a pre-defined initial surface, together with curves 
describing changes in external variables such as tem­
perature, rainfall, subsidence, etc. It produces, as out­
put, a stratigraphic model in 3D. The stratigraphy is 
the result of repeatedly applying a hierarchy of fuzzy 
systems. The rules in these systems are based on geo­
logical knowledge and the modeling process can be 
thought of as repeatedly, for each position on the de-
positional surface, performing a sedimentological in­
terpretation given the current conditions. 

Part of the rule base in 'AEOLIAN FUZZIM' first 
subdivides the depositional surface into four main de-
positional environments: fluvial, erg, sabkha and lake. 
These are based on variables such as rainfall, temper­
ature etc. Note that the environments are represented 
by fuzzy sets and that a certain position can conse­
quently be wholly or partly a member of more than 
one environment, this is obviously also the case in real 
life. An example of a typical rule would be: 'IF near 
lake AND high water table THEN sabkha'. 

After having defined environments, the program then 
applies a collection of rules using, among other 
things, environment-based sets in the premise. A typi­
cal rule would be: 'IF erg AND high wind velocity 
AND leeward position AND NOT steep slope 
THEN deposit much AND medium sand'. The geo­
logical reasoning here is obvious. This transparency 
is, in fact, one of the main advantages of using a fuzzy 
system. 

Figure 10 shows an example of the result from a com­
plete modeling run using a total of 53 rules. Here, a 
periodicity in rainfall and wind velocity causes a 
cyclic deposition pattern with erg sediments repre­
senting dry times and fluvial/lake sediments repre­
senting wet. The lateral distribution of different sedi­
ment types during one climate cycle is shown in fig­
ure 11. 

Using this configuration, the model behaved as ex­
pected. In a wet climatic phase, the fan progrades 
from the alluvial source. At the same time the lake 
transgresses and increases in size. Aeolian transport 
and deposition cease. During dry climatic conditions, 
aeolian deposition is initiated. The fan area recedes, 
lake level falls and the erg progressively expands over 
the area. Grain size varies with proximity to the 
source and wind velocity and the amount of sediment 
deposited varies with rainfall and proximity to source. 
Key erosion surfaces (potentially correllatable fea­
tures in the subsurface) develop at peak wind veloci-
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erosion 

deposition 

Grainsize: red = coarse; blue 

Fig. 10. Original model with all parameters allowed to vary as presecribed. 

ties. The magnitude of erosion varies spatially, de­
pending on the orientation of the topographic fea­
tures with respect to the wind direction, so that ero­
sion is greatest on windward slopes and highs and less 
in protected leeward areas. 

Testing the Model 

Using the input data described, the fuzzy system 
modeled the Rotliegend successfully. However, to en­
sure that we were not mimicking the data without 
making universal rules, the relative importance of 
each parameter was evaluated in a series of tests. The 
model was tested using two procedures; one to run 
simulations with parts of the controlling system re­

moved and the other by feeding extreme values, repli­
cating the worst case scenario. The tests showed that 
the following parameters are the most important: cli­
mate, subsidence and surface topography. 

Shutting off systems 

As the model is divided into depositional subsystems, 
switching these systems off allows the validity of the 
rules governing each system to be checked. 

When the simulation is run using only the fan rules, 
effectively removing the aeolian system (transport, 
deposition and erosion), fluvial sediments dominate 
and their geometries constitute a simple and pre-
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Very dry 
Fig. 11. General behaviour of the model during one climatic 
cycle. Colours represent grain size:red = coarse; blue = fine. 
Very dry: Extensive erosion due to high wind velocities and 
low surface stability. Deposition of coarse sediment is restrict­
ed to leeward locations. Dry: Aeolian deposition dominates. 
Fluvial is limited and the lake level is low. Wet: Extensive flu­
vial and sabkna deposition. In the lake, coarser sediment is de­
posited near the store. 

dictable wedge that thins distally from the source 
(Figure 12). Depositional rates and lateral extents are 
tied to the rainfall curve, so that they are greatest dur­
ing peak rainfall. Sediments infill topographic lows, 
since the fan area is limited by the restriction that flu­
vial sediments are not allowed to travel upslope. 

In the opposite case, where only the aeolian rules 
are used, but without triggering surface morphology 
and wind direction rules, the result is an isopachous 
deposit of aeolian sand that covers all surfaces above 
the level of the water table (Figure 13). Under the 
same conditions but including the surface morpholo­
gy and wind direction rules, differential deposition 
controlled by wind direction is obvious, as sediment 

Mem. = 165763( 
Time = 380000C 
Lake = +O.0O0C 
Depth = 325.96 
Thickn. = 414.77 
Dep. = 0.0600 
Ero. = 0.0000 
Rain = 693.1*: 

coarse 

fine 

is trapped on leeward slopes and eroded on windward 
slopes (Figure 14). 

Using only the lake rules allows lake behaviour to be 
assessed. It shows that deposition varies as a function 
of lake level in as much as sediment fills the accom­
modation space available and can deposit up to the 
lake surface in shallow areas (Figure 15). Grain size 
decreases away from the shore and evaporite precipi­
tation occurs at the lake center during peak aridity. 

V>-

Fig. 12. 3D model and cross section simulated using fan rules only. 

-72-

Fig. 13. Simulation using aeolian rules only but without surface 
morphology and wind direction rules. An isopachous layer of sand 
forms everywhere above the water table. 
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Fig. 14. Simulation using aeolian rules only, but with surface mor­
phology and wind direction rules. Sediment is trapped on leeward 
slopes and eroded on stoss slopes. 

Fig. 15. Map: Simulation using lake rules only. Profile: Deposition 
occurs up to water level; grain size decreases distally from shore. 

Constant input variables 
In these tests, input values for wind velocity and rain­
fall are kept constant, which although not very realis­
tic, enables an assessment of how the system handles 
extreme situations. 

If, for instance, wind is 'shut off (i.e. wind speed is 
set to 0) no deposition occurs on highs and there is 
no trapping of sediment in leeward positions (Figure 
16). These differences are logical and easy to explain: 
there is no deposition on highs because without the 
wind there is no mechanism for transporting sedi­

ments up-slope, and there is no trapping of sediment 
in leeward positions because 'leeward' is not defined 
in the absence of wind. 

With a constant wind velocity of 5 m/s, extensive aeo­
lian deposition results, as this is within the velocity 
range favouring aeolian transport and deposition, i.e. 
high enough for transport to be initiated but allowing 
deposition of some sediment (Figure 17). Deposition 
in depressions and on the leeside of slopes is 
favoured, whilst some erosion occurs on highs. Grain 
size is intermediate. 

- 15' 

—63' 

limited deposition in highs 

-141 

-63 

no trapping of aeolian sediments in leeward depressions 
Fig. 16. Wind speed constant at 0 m/s. 1) Limited deposition on hight, 2) No trapping of aeolian sediments in leeward depressions. 
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. Extensive aeolian deposition for wind speed at 5 m/s 

At higher velocities (11 m/s), the dominant process is 
erosion. Deposition is restricted to velocity shadow 
zones in leeward locations and in topographic lows 
(Figure 18). Other areas exposed to the strong winds 
receive minor amounts of coarse to very coarse sedi­
ment, whilst highs and windward slopes are eroded. 

Similar experiments involving rainfall show that a 
limited rainfall mainly affects fluvial transport and de­
position, and also causes an increase in wind erosion 
due to a lowering of the water table. On the other 
hand, a high rainfall results in thick fluvial deposits 
and limited wind erosion. 
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extensive erosion on windward slopes 

aeolian sediments on lee slopes only 

Fig. 18. Wind speed at 1 lm/s. Erosion is dominant; deposition occurs on sheltered lee slopes only. 1) Extensive erosion on windward slopes, 
2) Aeolian sediments of leeward slopes only. 

The effect of subsidence and compaction 
In the base case, subsidence was set at a constant rate 
of 0.035 mm/yr on the proximal edge of the model 
and 0.05 mm/yr at the distal edge of the model, with 
moderate compaction and isostatic compensation. 
The result is an exaggerated relief in comparison to 
the original surface. The main phase of differential 
subsidence due to isostacy occurs early in the simula­

tion, effectively during the Lower Slochteren, when 
depressions are filled with sediment. 

With subsidence, isostatic compensation and com­
paction turned off, sediments rapidly build above lake 
level and lake sediments are restricted to the base of 
the sequence at the distal edge (Figure 19). Because 
there is no isostatic compensation to accommodate 
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Fig. 19. 2D section with subsidence, isostacy and compaction OFF 
(strike section 20). 

the sediments deposited, the initial topography is 
filled early and a planar surface is established. 

In contrast, with subsidence, isostacy and compaction 
turned on, the lake bottom subsides at a pace that is 
equivalent to deposition. Lake sediments are thus 
represented throughout the succession (Figure 20). 
At the distal edge of the model, where subsidence is 
highest, lake sedimentation is continuous, without 
any breaks due to sub aerial exposure. 

It is worthwhile noting that altering the subsidence 
and compaction variables, without any modification 
of the climatic variables, can generate very different 
architectures. Every effort should be made to ensure 
subsidence curves are as accurate as possible if realis­
tic analogous architectures of the subsurface are to be 
generated. 

Final Results and Comparison 

In order to model the behaviour of the Rotliegend 
system under study, lake level, rainfall and wind ve­
locity were tied to the generalized lake level curve for 
this area (Ladipo, 1997). Incorporating cyclicity at 
four frequencies provided variability. In addition, a 
topographic surface at top Carboniferous was sup­
plied by NAM, along with a basic subsidence curve 
and wind directions. 

Fig. 20 2D section, as above but with subsidence, isostacy and 
compaction ON. 

The schematic section of the Upper Rotliegend 
Group in this area shows four alternations between 
wet and dry sediments (Figure 21). Fluvial wedges 
(orange) prograde from the SSE with coeval lacus­
trine transgressions (blue) from the NNW. Both flu­
vial and lacustrine sediments are replaced vertically 
by thick erg deposits (yellow), notably the Lower and 
Upper Slochteren Sandstone Members that together 
comprise the target reservoir facies. The AEOLIAN 
FUZZIM model of the area shows the same four-fold 
division (Figure 22), with similar replacement and 
northerly extensions of each successive erg phase and 
a comparable thickness differentiation between the 
Lower and Upper Slochteren Sandstones. 

Conclusion 

Important Parameters in Aeolian Modeling 

From the experiments with 'AEOLIAN FUZZIM', it 
is possible to draw some general conclusions regard­
ing the design of the controlling fuzzy system and the 
importance of the different parameters used. 

As expected, the results are least sensitive to changes 
in the fuzzy sets. This is true providing, that the 
changes are within reasonable limits, i.e. the member­
ship functions must make 'geological sense'. The re­
sults are more sensitive to changes in the rule base. 
The system works well in the NE Netherlands case, 
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Fig. 21. Schematic section of Upper Rotliegend Group, NE Netherlands (see Fig. 1 for location). 

and further study has indicated, that careful modifica­
tions make the system more generally applicable. 

Of the input parameters, rainfall, which controls de­
position during wet times, and wind velocity, which 
controls deposition and erosion during dry times, are 
the most important. A simple and very general aeo-
lian model could be based only on these two input 
parameters. However, in order to capture local varia­
tions, the surface morphology and the wind direction 
have to be included. This will allow for differential de-

188 

112 

36 

-40. 

•116. 

•192. 

position/erosion over the surface depending on local 
surface convexity/concavity and on the orientation of 
slopes relative to wind direction. The level of the wa­
ter table can have a large impact locally, primarily on 
erosion, since it directly affects the stability of the sur­
face. 

Of the 'non-climatic' parameters, subsidence affects 
the results dramatically. High regional ('tectonic') 
subsidence rates may outpace sedimentation and re­
sult in successions dominated by lake and fluvial sedi-

Upper Slochteren member 

^Tower Slocriteren 

Amcland member 

Silverpit 
formation 

-268-

-344-

Fig. 22. Aeolian FUZZIM modelled architecture. 
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ments, while low subsidence rates favour aeolian sedi­
ments. The differences in the models produced by 
varying subsidence within reasonable limits are strik­
ing. Similarly, variations in the degree of isostatic 
compensation, which has a direct effect on the surface 
morphology, can dramatically change the local distri­
bution of deposition and erosion. This particularly af­
fects low areas. 

The subsidence model is thus of great importance. A 
detailed back-stripping procedure must be used to es­
tablish the regional as well as the local subsidence 
pattern, and to establish a reliable initial surface. 

Comparison of the Modeled and Real Architecture 

In the previous sections, the new forward model 'AE­
OLIAN FUZZIM' has been described. This model is 
based on an understanding of the controlling parame­
ters for aeolian deposition. The model allows realistic 
prediction of aeolian and desert plain deposits. To test 
the quality of the prediction, the resulting model has 
been compared with the deterministic model of 
Ladipo (1997). Comparison of the model with the 
schematic architecture of the area shows convincing 
similarity although this is not unexpected as the tem­
poral variation of the primary variables was tied to the 
local lake level curve. If the ranges or interaction be­
tween the variables did not capture the general 
processes of deposition and preservation within aeo­
lian systems, however, the architecture would be sig­
nificantly different. The fact that such similarity exists 
suggests, that both the ranges and interactions select­
ed are appropriate for modeling the Rotliegend of this 
area. The results show that the distribution of aeolian 
reservoirs can be predicted by 3D forward modeling 
techniques and ultimately, the application of these 
programs should lead to better prediction of aeolian 
reservoirs. 
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