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Abstract Geological models are often used in assessmenggooindwater
resources and groundwater vulnerability and often connection with
numerical groundwater models. As the uncertairdgfethe geological models
most likely will affect the results of the subsequecalculations and
assessments it is important to describe the uricgesm related to the
geological model. A comprehensive assessment ofutteertainties of the
geological model is, however, a complicated tadke hature of the datasets
included in the geological model is normally vergtdrogeneous and every
dataset has uncertainties of its own. In additionthis, the geological
interpretations performed during the geological eilinly have a high degree
of subjectivity. As quantification of the uncertags of the geological model
as a whole is complicated, a simple method foritatale assessment of the
uncertainty of the geological model is proposede Tinethod takes the
uncertainties related to the datasets, the dep$itlata points as well as the

uncertainties related to the geological interpretetinto consideration.
Keywords geological models; groundwater; qualitative uraiaty assessments; groundwater
models

INTRODUCTION

The construction of geological models includes asseveral different datasets, each with
their own uncertainties. When combining these @ddsasincertainties related to the geological
interpretations are introduced in addition to thecertainties of the individual datasets.
Furthermore the differences in data types and datasity will consequently lead to a
geological model with a very varied uncertainty hiit the model area. When geological
models are used as basis for subsequent assesamedntglculations, the uncertainties will
consequently affect the results. In recent yedrategies for uncertainty assessments of data
and model structure have been proposed for modsld in connection with environmental
and groundwater resources (Refsgaatral, 2006; Nilssoret al, 2007). Geological models,
however, need special attention because of thedaghee of embedded subjectivity.

A quantification of the uncertainties may be catrat on the individual datasets. But a
guantification of the uncertainties of the geoladjimodel as a whole requires an assessment of
contributors to the uncertainty that can not nesdlgsbe described numerically. Typically, the
subjective aspect of the geological interpretatisnso dominant, that it will overshadow the
uncertainties related to the datasets. A quantifinaof the uncertainties would be preferable
because we thereby get an opportunity to perforronaated calculations of the uncertainties.
A quantification of the uncertainties of each datasan be performed objectively by
determining the uncertainties related to equipmearpling, data interpretation etc. But when
interpreting the geology of the area, differentadtpes are combined and a high degree of
subjectivity is introduced by the geologist. In theerpretation process, the uncertainties of the
individual datasets are not additive, creating ghi model uncertainty. On the contrary, as
the datasets typically support each other, the ntaioty of the model as a whole will most
likely attain a lower degree of uncertainty. Théjsativity of the geological interpretations is



crucial when drawing the layer boundaries in thelggical model. A quantification of the
uncertainty of the geological model is thereforagtically impossible to perform.

A METHOD FOR ASSESSMENT OF THE QUALITATIVE UNCERTAI NTIES
OF GEOLOGICAL MODELS

When performing geological interpretations decisiane made based on a combination of the
data and knowledge of the geology of the area. ifterpretation of a certain layer in a
borehole has an uncertainty related to the qualitthe borehole data from that particular
borehole. But the most important part of the geiclalginterpretation is the lateral correlation
of the layers and layer boundaries between thehlobes along the profile. Should a specific
layer be correlated with, for instance, an uppeedawith a comparable lithology in the
adjacent borehole or with a layer in the lower pdirthe borehole also showing a comparable
lithology? These interpretations - these choica®-highly subjective.

Because of the difficulties related to quantifioatiof the model uncertainties, it is
proposed that assessments of uncertainties of gjealomodels focus on a qualitative
approach. The method described in the followingimple and is centred on a qualitative
assessment and a visualisation of the uncertaintyeogeological model along the individual
geological profiles. In this way, the uncertainteee communicated to users of the geological
model, providing for example the groundwater maetellith a geographical overview of the
varying uncertainty of the geological model.

The method is in the following exemplified usingmfile-based geological model with
profiles arranged in a regular and evenly spacédork. This simplifies the method as no bias
is introduced while placing the profiles.

Before performing the uncertainty assessments, datihsets should be thoroughly
controlled in order to minimise the uncertaintietated to the individual dataset. Erroneous
data is deleted, poor quality data evaluated aw@szription of the general data quality is
made.

The assessment of the uncertainties of the geabgmodel is performed after the
modelling is completed. The geological model notynebmprises a network of profiles with
geological interpretations, layers and layer bouedaapplied to each profile. A qualitative
assessment of the uncertainty of the geologicakpnétation as a whole is performed along
each of the geological profiles. Accordingly, thesessment reflects the geologist's own
evaluation of the reliability of the model interagon along the profile.

The uncertainty assessment along every profilésisalised on a map and thus giving an
overview of the area as a whole. In this way theeutainty assessment comprises the data
uncertainties as well as the uncertainty of thdaggcal interpretations and the assessment is
illustrated in direct association with the usedadathe degree of uncertainty is split into a
number of intervals and drawn onto the profiles@sured or shaded bars above the profile:

- Light grey/Low uncertaintyl. ow uncertainty of the geological model interptietia. An
adequate amount of reliable data ensures thatdibteegeological interpretation can be
made. The data can stand alone and the interpnet#i not dependent on data from
adjacent areas.

- Grey/intermediate uncertaintyintermediate uncertainty of the geological model
interpretation. A limited amount of data and/or &wdata quality. The geological
interpretation is to a certain degree made on #ushof information from adjacent areas
and from indirect information such as topographywelihead measurements.

- Black/High uncertainty:High uncertainty of the geological model interpt&in. No or
only a limited amount of data and/or poor data ijpialThe geological interpretation is
primarily based on extrapolations from adjacenasre
The uncertainty assessments are relative and #tk ingervals should be adjusted to the

area in question in order to obtain a suitable mg$en of the variations. Apart from varying

geology the individual geological models will alsary in purpose, degree of detail, data types




etc. Therefore it is not necessarily possible tmpare uncertainty assessments of different
geological models.
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Fig. 1 Qualitative uncertainty assessment inserted asgaée bars above profile the
geological profile. Broad vertical bars=boreholesrow vertical bars=TEM
soundings; stars=layer boundaries. Example frormteWéch (2006) Geological
model of the Skarping-area. Performed for the CpohtNordjylland.

An example of an uncertainty assessment of a gmealognodel where the above
mentioned uncertainty intervals have been usetiasvs in Fig. 1. The geological profile is
one of a series of profiles where the uncertaisgeasment is an expression of the geologists
own evaluation of the uncertainties related to gleelogical model interpretation along the
profile. The primary data sets in the geologicaldeloare borehole data (broad vertical bars)
and geophysical TEM soundings (narrow vertical hanghereas secondary information is
obtained from topography and soil type maps. Onbidss of these data a geological model
consisting of a number of layers is constructece profile shows a 6 layer geological model
interpreted using the data seen on the profile al as geological interpretations from
crossing profiles. The deepest layer (‘BK/SK’) isatk/limestone and on top of this is a
succession of quaternary sand and clay layers.

The uncertainty assessment of the geological misdasualised as grey scale bars above
the profile on Fig. 1. In the middle of the profilee uncertainty is in two sections described as
‘low’ because an adequate amount of data ensurelahle interpretation of layer boundaries
and a reliable correlation between the boreholeswBen these two sections the uncertainty is
described as ‘intermediate’ because the data geisdibwer and because the correlation of the
layers above the chalk/limestone is uncertain. l@nleft side of the profile the uncertainty is
‘intermediate’ because the data density is limigedl because the geological interpretations
partly rely on geological interpretations from adjat profiles, from topographical data and
from other surface related information. In the tighile of the profile there is a section with
‘high uncertainty’. In this section the depth te tthepression in the chalk (‘SK’) as well as the
thickness and lateral extension of the clay layarked ‘DL’ are geological interpretations that
have a high degree of uncertainty because thedgasity is low. As a consequence of this, the
interpretation in this section is primarily based extrapolation of interpretations from
adjacent areas.

If uncertainty assessments, as shown in Fig. 1par®rmed along all the profiles of the
geological model an overview of the model area a$ale can be visualised on a map theme
(see example in Fig. 2).

Using the same procedure, uncertainty assessmantde performed for e.g. specific
layers, specific boundaries, the upper part otdher part of the succession, depending on the
purpose. The output is a series of individual utaety maps with varying focus. The
gualitative uncertainty assessments can easilyiamhsed in GIS together with quantitative
uncertainty assessments of specific datasets, neapets of spatial distribution of data, etc.



APPLICABILITY OF THE QUALITATIVE UNCERTAINTY ASSESS MENTS

The applicability of the qualitative uncertaintysassment is broad:

- Collection of supplementary datAs the uncertainty maps include an assessmenttaf da
density, it provides a basis for selecting areasreittollection of supplementary data is
required. Adding new data in areas with a high édegof uncertainty will increase the
credibility of the geological model with every selgsient update.

- Ground water modellingWhen the layers of the geological model are hdrmieer to the
groundwater modeller to be used in the groundwaimiel, they are accompanied by the
uncertainty maps. The uncertainty assessments estiadlgroundwater modeller to get a
geographical overview of the geologist's own eviatraof the geological interpretations.
In this way, the groundwater modeller can morelgasiate areas in the groundwater
model with a poor fit between observations and iptiohs, to the uncertainty assessment
of the geological model. This enables the geolotfisput forth alternative geological
models for specific sub areas pointed out by treuggdwater modeller. In this iteration
process the groundwater model most likely will ciimite to a lowering of the uncertainty
of the geological model and vice versa.

- Groundwater resource managemelfitassessments of groundwater vulnerability have
been performed on the basis of the geological madel vulnerable areas have been
delineated, the uncertainty assessments of thegjeal model can be used to evaluate the
lateral extent of these areas. If, for exampleglindated vulnerable area coincides with an
area of the geological model that has a low uniteytathe boundary of the vulnerable
area can be considered as well defined. If, orother hand, a vulnerable area lies within
parts of the geological model that has a high degifeuncertainty, the boundary of the
vulnerable area will be less well defined. Thiofsgreat importance in connection with
initiation of groundwater protection measures,hesé tasks generally are very expensive.
In this way, the use of the uncertainty assessnientet limited to quality assurance and
documentation of the geological model, but can bBEsincorporated as a dynamic element
in the administration of the groundwater resources.

CONCLUSIONS AND PERSPECTIVES

Even though the described method of qualitativesssent of geological models deals with a
high degree of subjectivity, the method is direallyeful in connection with groundwater
modelling, groundwater resource evaluations anderability assessments. The main reason
for this is that it provides a geographically basddualisation of the geologists own
assessment of the uncertainties and thus combirgesaried types of uncertainties that are
related to the geological model. The limitationstioé method are primarily the subjective
aspects. Therefore, it is crucial that a thorougbughentation of the individual steps of the
process is carried out. This documentation anduge of a profile-based assessment and
visualisation make it easy for other workers toleaie the model and perform later updates of
both the uncertainty assessments and the geoldgiegbretations.

If the total project comprising the construction lwdth the geological model and the
groundwater model is handled as an iterative psagsh focus on obtaining the best
correspondence between the models, the resultunijuestionably be a lowering of the
uncertainties of both model types.
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Fig. 2 Map theme of qualitative uncertainty assessmelatsgageological profiles.

(Please note that the grey scale of the uncertaimtgrvals deviate from the
description in the text. The uncertainty intervaighis example are: Light grey=Ilow,
dark grey=intermediate, grey=high). Example from: t¥¥&@ch (2006) Regional
geological/hydrostratigraphical model of the CouofyRoskilde. Report 2. Performed
for the County of Roskilde.
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