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Probabilistic evaluation of the extent of the unconfined aquifer
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Abstract. The research mainly aimed to present a novel application of the technique based
on the Dempster-Shafer theory for the determination of the aquifer extent in a nonparametric

Data analyses were carried out in the Geographic Information System. All the data were
imported to the IDRISI 32 release 2. The Dempster-Shafer probability theory supported by the
module BELIEF of IDRISI software was applied to the algebra of pixel maps.

The research area covers 1300 km?’ in the eastern part of the Pomeranian Lakeland. The geology
of this area is dominated by Pleistocene postglacial sediments. The study area comprises
unconfined aquifers and four main confined aquifers. Only the unconfined aquifers were taken
into account in the study described in these paper. The resulting image showed a map of the

aquifers’ extents in a probabilistic scale, i.e., in a range between 0 (lack of the aquifer con-
firmed by field research) and 1 (occurrence of the aquifer, also proved by research,).
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Environmental researchers often analyse “poorly-defi-
ned” (Fisher, 1999) phenomena and objects, i.e., objects
which are difficult to be assigned to a specific class of
objects in compliance with dichotomic rules of binary (Ari-
stotelian) logic. The ranges of hydrogeological elements
represented in the cartographic studies are based on the
point sampling or local reconnaissance performed in the
field. Those limits are of probable course, more or less
similar to the real boundary. Error assessment of graphic
presentation of the hydrogeological elements, such as the
extent of an aquifer has not been expressed in values yet.
Hydrogeologic cartography provides diverse information,
due to the reliability of data used. It depends on the accura-
cy and likelihood of estimation of the extent of groundwa-
ter bodies, their amounts and quality. Information about the
reliability of hydrogeologic studies is especially useful for
readers from other disciplines. Maps with nonoparametric
scale offers them easy readable data about quality of source
information from the study area.

In the environmental studies, proper use of information
(or the lack of information) requires a way to represent
such data. It was argued (Leung & Leung, 1993) that the
application of Boolean logic (the all-or-nothing system) in
the GIS design causes the following problems: a) it impo-
ses artificial precision on intrinsically imprecise informa-
tion, graded spatial phenomena and processes, b) it fails to
determine and communicate to users the extent of impreci-
sion and error, ¢) it is inappropriate to human cognition,
perception and thinking processes, which are generally
embedded with imprecision.

An aquifer is a good example of a poorly-defined
object. This is due to the lack of information on its extent
(especially for the confined aquifer) and various parame-
ters of the aquifer due to facies changes within the aquifer.
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In order to correctly describe “poorly-defined” objects
in modeling, proper methods should be found. They should
allow intermediate values to be defined between conven-
tional evaluations like 1 and 0, true or false. For descri-
bing “poorly-defined” objects, we can use one of the
multi-valued logic systems, such as “fuzzy logic” (Zadeh,
1965), kernel-based probability density function estima-
tion (Brundson, 1995) or other probability methods such as
Bayesian theory or Dempster-Shafer theory (Shafer, 1976;
Klir & Yuan, 1997; Eastman, 1999a). This paper attempts
to evaluate the extent of an unconfined aquifer in a nonpa-
rametric — probabilistic scale with help of Dempster-Sha-
fer theory.

The main objective

The main study objective was to evaluate the probabili-
ty that an unconfined aquifer may be found in each pixel
location within a surface represented in the studied area.
Due to a large amount of data, IDRISI 32 software was
used to achieve the aim.

The area of research

The research area of 1300 km” in the eastern part of the
Pomeranian Lakeland in Poland was chosen for testing this
procedure. This area lies completely within the limits of the
last (Weichselian) glaciation. Along with the relatively slight
hypsometric differentiation, the relief of the studied area is
characterized by a few forms of fluvioglacial and glacial
origin. The main form is outwash sediments (the Wda sandur)
and a morainic plateau (Fig. 1). Only Cenozoic water-be-
aring strata have been recognized within the log wells. The
Pleistocene water-bearing layers form the major aquifer for
the studied area. It consists of of one unconfined aquifer
and a few confined units.

Methodology

The Dempster-Shafer theory is an extension of Bay-
esian probability theory. This theory makes a distinction
between probability and ignorance and allows for the
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expression of ignorance in uncertainty management (Lee,
et al., 1987; Klir & Yuan, 1995). The basic assumptions of
Dempster-Shafer theory are that ignorance exists in the
body of knowledge, and that the belief for hypothesis is not
necessary to the complement of the belief for its negation.
By using the “belief functions” to represent the uncertainty
of hypothesis, the theory releases some of the axioms of
probability theory. The resulting system becomes a super-
class of the probability theory. However, it suffers from the
need for large numbers of probability assignments and from
the need for independence assumptions (Malczewski, 1999).
Unlike Bayesian probability analysis, Dempster-Shafer the-
ory explicitly recognizes the possibility of ignorance in the
evaluation, i.e., the incompleteness of knowledge or evi-
dence in the hypothesis (Eastman, 1999b).

The research objective was performed with IDRISI 32
ver. 2 raster-based software. In IDRISI, the BELIEF modu-
le (Fig. 6) can be used to implement the Dempster-Shafer
theory. BELIEF constructs and stores the current state of
knowledge for the full hierarchy of hypotheses formed
from a frame of discernment. BELIEF first requires that the
basic elements in the frame of discernment be defined. As
soon as the basic elements are entered, all hypotheses in the
hierarchical structure will be created in the hypothesis list.
For each line of evidence entered, basic probability assign-
ment images (in the form of real number images with a 0—1
range) are required with an indication of their supported
hypothesis.

The development of knowledge base

The research question guides us to define the frame of
discernment — it includes two elements [present] and

[absent]. The hierarchical combination of all possible
hypotheses, therefore, includes [present], [absent] and
[present, absent]. We are most interested in the result gene-
rated for the hypothesis [present] which here means exi-
stence of the aquifer. The final results produced for the
hypothesis [present] are dependent on how all evidences
are related together in the process of aggregation.

Given knowledge about existing wells and given expert
knowledge about the occurrences of aquifers, each eviden-
ce is transformed into a layer representing likelihood that
an aquifer exists. The aggregated evidence produces results
that are used to predict the presence of an aquifer and eva-
luate the input of each line of evidence to the total body of
knowledge.

Several bitmaps and pixel maps of elements which con-
firm or deny the occurrence of the unconfined aquifer were
prepared for this study. At the beginning, each map inclu-
ded separately: point, line or area data in a dichotomous
scale (0 and 1). In the next stage, the information in each
map was changed due to work out membership function.
As aresult, a pixel map with values from 0 to 1 was obtain-
ed. Finally, all the maps (information layers) were put into
the BELIEF module and a probability map was compiled.

Data input for the unconfined aquifer. There is a
significant difference between analysing the extent of the
unconfined versus confined aquifer with the use of the GIS
methods. With the exception of the wells as the indicator of
aquifers, there is far more indirect evidence of occurrences
for the unconfined aquifer than the confined aquifer. For
example, they are: springs, rivers, lakes, the area of extent
of alluvial or outwash deposits. There is high probability
that the unconfined aquifer will be close to these forms.
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The authors focused here only on the unconfined aquifer.
Still, GIS methods are a tool for, by and large, two-dimen-
sional data, and there is no advanced GIS raster program
for analysing three-dimensional data, required for analy-
sing the confined aquifer.

For estimating the extent of the unconfined aquifer in
a probabilistic scale the following data were selected:

a) location of wells and boreholes,

b) area of the extent of the outwash and morainic plateau,

¢) course of main rivers and lakes,

d) map of depth to the water table in the area where there
are permeable sediments on the terrain surface.

Creating probability maps (fuzzyfication)

The stage of fuzzyfication is a procedure, which allows
for converting a discrete image (bitmap) into images with a
probabilistic (nonparametric) scale. The reliability of the
obtained maps depends on the applied parameters of fuzzy-
fication controlled by a membership function. For this stu-
dy the following assumptions were used:

Probability for background. Initially, for the whole
research area the background value was assumed as con-
stant 0.5. That means there is no proof for the existence of
unconfined aquifer and there is no evidence for the lack of
the aquifer in the research area, either.

Membership function for wells. Wells are the point
markers of an aquifer. For these features, the area in close
vicinity of the wells should have obtained high likehood.
However, it is very difficult to find a proper way to extrapo-
late hydrogeologic information from point where wells
exist to close neighbourhood of the wells or boreholes; this
issue needs much more work. Vector maps with locations
of the wells with unconfined conditions were rasterised and
all the pixels in which wells were located, obtained the
value “one”. The pixel values are high in the area of cone
depression or in the area calculated by means of an empiri-
cal formula, and finally, the pixel value decreased down to
the level of the background (Fig. 2).

The empirical formula was applied as one of the assump-
tions for the extent of the unconfined aquifer. That was a for-
mula for calculating depression cone, known as the Kusakin
formula (Holting, 1996; Pazdro & Kozerski, 1990):

R=2swk-H

where:

R — radial distance in [m] of the depression cone;

s — the maximum drawdown observed in a well [m];
k — hydraulic conductivity, in [m/24h] and

H — thickness of the aquifer in the well log [m].

Membership function for wells and boreholes
without unconfined aquifer. The value “0” was assigned
to the pixels where boreholes exist and there is no unconfi-
ned aquifer noticed. Also wells which extract water form
confined aquifer were added to this set of data. In the vici-
nity of those pixels, probability increases from “0” to the
value of background within the 300 m range (Fig. 3). The
above distance was established subjectively as the optimal
one after analysing the geological and hydrogeological
cross-section from the research area.

Membership function for boreholes and wells with
present unconfined aquifer. The value “1” was assigned
for the pixels where boreholes and wells exist and there is
unconfined aquifer present. In the vicinity of those pixels,
probability increases from “1” to the value of background
for the range 300 m.

Membership function for the area of outwash sedi-
ments and morainic plateau. In the research area the main
body of the unconfined aquifer is associated with fluvio-
glacial outwash. The area of the outwash extent was digiti-
sed from the Geological Map of Poland in a scale 1 : 200,000
(Butrymowicz et al., 1978). The rest of the area was classi-
fied as a logic negation, which means the area without sand
sediments on the terrain surface (i.e., morainic plateau).
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Fig. 2. Graph of the membership function for wells with unconfined aquifer
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Arbitrarily the value “0.8” was assigned to all the pixels
which represent the area of outwash sediments and the
river valley (Fig. 4). For the remaining area a constant
value “0.3” was established a priori.

Membership function for area in the vicinity rivers
and lakes. Rivers and lakes are hydrologic objects with
frequent connection to the aquifer, especially the unconfi-
ned aquifer. Close to a river or a lake there are often sand
sediments with the aquifer, therefore, this vicinity to water
indicates the plausibility for the aquifer. Only rivers that
are longer than 5 km and lakes with the area larger than 1 ha
were analysed.

Simple geostatistical methods were used in order to
develop the relationship between the distance to water and
the locations of the wells. After analysing the histogram of
appearance of wells depending on distance from river banks
or lake shores, the authors found that there should be higher
likelihood (the value of 0.8) within the 200-meter-wide
zone from around river banks or lake shores (Fig. 5).

Membership function for area from maps. The infor-
mation about the depth to the water table and the extent of
the area where there are no impermeable sediments on the
terrain surface served as an additional source of data.

Data was taken from the digital Hydrogeological Map
of Poland in a scale 1 : 50,000. These is a new map, prepa-
red and stored in GIS system as a multisheet map. From
1994 to 2004, 1069 sheets covering the whole area of
Poland were completed. The map is based on the concept of
the main usable aquifer which is a productive aquifer
meeting the following criteria: thickness at least 5 m, trans-
missivity at least 50 m*/24h, and potential discharge of a
well at least 10 m’/h. All data is kept in 19 information
vector layers, which contain among others: topographic
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Fig. 5. Graph of the membership function for hydrological objects

situation, well and spring locations, type of the aquifer,
water quality classes, aquifers pollution risk classes, land
use and hydrodynamic information, e.g., hydraulic head,
groundwater flow directions and transmissivity distribu-
tion (Paczynski et al., 1999).

Stage of calculating. All prepared pixel maps were put
to the BELIEF module (Fig. 6).

BELIEF - Dempster-Shafer combination module
Knowledge base title : IExtenl of unconfined aquifer in postglacial area
Class fist - Hypotheses :
| Add | [PRESENT] ]
[ABSENT]
PRESENT [PRESENT, ABSENT]
ABSENT
Remove selected class |
Clear all classes I
Current state of knowledge :
Add new line of evidence E xtent of unit ;'a" '
: Localization of wells and boreholes without unconfined aquifer
Modify/View selected evidence Distnace from river
Remove selected evidence Depth to the water table
Extent of cone of depression
Clear all evidence lines Area of axtend of outwash sediments

Fig. 6. The window of BELIEF module of IDRISI program
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Fig. 7. The probabilistic map of the extent of the unconfined aquifer in a research area

After processing in the BELIEF module a set of maps
was generated. These were maps of the degree to which
evidence provided direct support for the hypothesis (belief)
and the degree to which that evidence did not disprove the
hypothesis (plausibility).

Summary and conclusions

The limits of geological and hydrogeological units
(structures) presented in cartographic studies contain often
significant errors due to poor geologic and hydrogeologic
recognition. The purpose of the methodology presented
here is to produce a probabilistic information layer of the
extent of the unconfined aquifer in the study area (Fig. 7). It
is an attempt to use Dempster-Shafer theory in hydroge-
ology. Taking into account the fuzzy set theory, the authors
estimated the assessment of the extent of the hydrogeologi-
cal unit based upon hydrogeological elements, especially
boreholes and wells.

Additional information for the probabilistic map are
derived from hydrological, geomorphological investiga-
tions and data from other geological reconnaissance points.
The accuracy of such map is largely determined by the esta-
blished membership functions.

The generated maps may be regarded as a supplement
to a classic set of information concerning hydrogeology
and which provides a new form of a map layer.
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