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Abstract 
 
This work is part of a project aiming to determine the origins of the nitrate contamination in 
the urban area of Urânia (SP, Brazil). The objective of this study is to make a conceptual and 
numerical model of the groundwater flow system which will improve the understanding of the 
groundwater circulation in the area. 
 
The conceptual model is based on data from earlier studies in the area complemented with 
data collected in the field. The model area is delimited by streams and water dividers attribut-
able to topographic highs. The upper boundary of the model domain is the water table and the 
bedrock is an impermeable lower boundary. Two geological formations are considered in the 
model; a sandstone aquifer and a layer of fractured basaltic rock underneath. It is assumed that 
the hydraulic conductivity of the sandstone aquifer is isotropic in the plane and varies gradu-
ally from its lowest value in the north of the area to its highest value in the south. The hydrau-
lic conductivity of the fractured basalt is estimated to be two orders of magnitude lower than 
for the sandstone. Groundwater is assumed to flow from topographic highs towards the 
streams. No evidence of a deep groundwater flow underneath streams has been found and it is 
thus assumed that there is no groundwater movement to or from the model domain.  
 
The software Visual MODFLOW is used for the numerical model. A grid is made with 106 
columns, 97 rows and five layers, where the four top layers represents the sandstone aquifer 
and the bottom layer represents the fractured basalt. The streams of the conceptual model are 
simulated as drain boundaries. To get the model to converge and in order to get reasonable 
flow directions, constant head boundaries are located in layers 2 – 5 in cells below drain 
boundaries. Static head values and stream flows have been used as quantitative calibration 
targets whereas groundwater flow directions and the distribution of hydraulic conductivities 
have been used as qualitative calibration targets. A combination of automatic and manual 
trial-and-error calibration have been performed, where hydraulic conductivities and recharge 
have been automatically optimized, while drain conductance, constant head elevation and the 
number and location of zones with different hydraulic conductivities have been modified 
manually. An effort has been made to calibrate the model when pumping of public wells in 
Urânia is included, but no calibrated model has been obtained for the pumping scenario. After 
calibration, the sensitivity of the model for selected parameters has been analysed.  
 
This study shows that groundwater circulation in Urânia is more complex than was previously 
assumed and more data needs to be collected in order to obtain a thorough understanding of 
the flow system. The horizontal hydraulic conductivity of the Adamantina aquifer increases 
from north to south, at least within the urban area of Urânia, but more data is needed to evalu-
ate the extent of this variation. Calibration data also need to be improved. Boundary condi-
tions are crucial for the reliability of the model and are at present imperfectly understood. 
Vertical groundwater movement need to be better understood in order to obtain a numerical 
model calibrated for pumping of public wells. The data collection should also be extended to 
the rural part of the model area. If the model should be used for evaluation of contaminant 
transport in the future, the results will not be reliable unless present doubts about the 
groundwater circulation are removed and more precise data is collected.  
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Sammanfattning 
 
Denna studie utgör en del av ett större projekt som går ut på att fastställa källan till det nitrat 
som förorenar grundvattnet i Urânia (São Paulo, Brasilien). Syftet med studien är att göra en 
konceptuell och en numerisk modell över grundvattenströmningen i området och på så sätt 
bidra till en ökad förståelse av flödessystemet.  
 
Den konceptuella modellen är baserad på data från tidigare studier i området som har 
kompletteras med mätningar i fält. Modellområdet avgränsas av åar och vattendelare som 
uppkommer till följd av topografin. Områdets övre gräns utgörs av grundvattenytan och berg-
grunden är den undre avgränsningen. Två geologiska formationer ingår i modellen: en sand-
stensakvifär över ett tunt lager av uppsprucken basalt. Den hydrauliska konduktiviteten för 
sandstenen antas vara horisontellt isotrop och öka gradvis från sitt lägsta värde i områdets 
norra del till sitt högsta värde i söder. Den uppspruckna basaltens hydrauliska konduktivitet 
uppskattas till två storleksordningar lägre än medelvärdet för sandstenen. Grundvattnet antas 
strömma från topografiska höjder till ytvattendragen. Det finns inga tecken på djupt grund-
vattenflöde under åarna, vilket har lett till en modell utan grundvattenflöde till eller från 
modellområdet.  
 
Programvaran Visual MODFLOW används för den numeriska modellen som består av 106 
kolumner, 97 rader och fem lager, varav de översta fyra representerar sandstensakvifären och 
det understa representerar den uppspruckna basalten. Vattendragen simuleras som dränerings-
randvillkor. Randvillkor med konstanta vattennivåer har lagts in i lager 2 – 5 i celler under 
dränering. Detta är nödvändigt för att modellens numeriska lösning ska konvergera och rim-
liga flödesriktningar för grundvattnet uppnås. Statiska vattennivåer och ytvattenflöden har 
använts som kvantitativa mål för kalibreringen, medan grundvattnets flödesriktningar och för-
delningen av värden för hydraulisk konduktivitet i sandstensakvifären använts som kvalitativa 
mål. En kombination av automatisk och manuell kalibrering har genomförts, där hydraulisk 
konduktivitet och infiltration har optimerats automatiskt och dräneringskoefficienten, 
konstanta vattennivåer och antal och läge för zoner med olika hydraulisk konduktivitet har 
ändrats manuellt. Ett försök att kalibrera modellen när pumpning i områdets offentliga 
brunnar inkluderats har genomförts, men ingen kalibrerad modell har uppnåtts för detta 
scenario. Efter kalibreringen har en analys av modellens känslighet för förändringar i utvalda 
parametrar genomförts.  
 
Denna studie visar att grundvattenströmningen i Urânia är mer komplex än vad som tidigare 
antagits och ytterligare data behöver samlas in för att en fördjupad förståelse av flödes-
systemet ska kunna uppnås. Den horisontella hydrauliska konduktiviteten ökar från norr till 
söder, åtminstone inom staden, men mer data behövs för att utvärdera omfattningen av denna 
variation. Data för kalibrering bör också förbättras. Utformningen av randvillkor i modellen är 
avgörande för dess tillförlitlighet och kännedomen om dessa är ej tillräcklig. Grundvatten-
strömning i vertikalled bör undersökas noggrannare för att modellen ska kunna kalibreras för 
pumpning. Fältdata bör också samlas in för området utanför det urbana området. Om modell-
en i framtiden ska användas för att utvärdera föroreningstransport måste nuvarande osäkerhet 
angående grundvattenströmningen i området undanröjas för att tillförlitliga resultat ska upp-
nås.  
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1 Introduction 
 
In the state of São Paulo, Brazil, 70% of the municipalities obtain their drinking water princi-
pally from groundwater sources (Rebouças, 1994). This means that over five and half million 
people are dependant on this resource (CETESB, 1998). The dependency of groundwater is 
even greater in the northwestern part of the state where it is close to 90% (Almodovar, 2000).  
 
Even though groundwater is naturally more protected than surface water, human activities 
have led to the contamination of aquifers in both urban and rural areas. A monitoring program 
performed by CETESB (1998) for the entire state of São Paulo (excluding the metropolitan 
area of São Paulo) found that 15% of the monitored wells were contaminated. Nitrate is the 
most common contaminant of groundwater in the state, usually associated with the presence 
of septic tanks, household waste, agricultural fertilizers, pesticides and industrial waste or 
effluents (CETESB, 1998).      
 
The groundwater in the town of Urânia has a high concentration of nitrate, which is assumed 
to originate from septic tanks or fertilizers (Gutierrez, 1999). The present work forms part of a 
project aiming to determine the origins and dispersion paths of the nitrate contamination in the 
wells of the town. Urânia, located in the northwestern part of the state of São Paulo, is a typi-
cal small town of this region. The historical occupation of Urânia is comparable to many 
municipalities of the Sao Paulo state and similar problems can therefore be expected. The 
geological context of Urânia is also analogous to that of many other towns in the region, as it 
is located on sandstone of the Baurú series which cover 42% of the São Paulo state (CETESB, 
1998). Knowledge of the groundwater contamination in Urânia will thus be important for the 
region as a whole.  
 
The development of a numerical flow model of the groundwater system of Urânia is an impor-
tant step in the process of understanding the groundwater contamination in the area. Due to 
the complexity of groundwater flow, tools are needed in order to gain insights into ground-
water systems. Models have been used extensively both in management and research, and 
have proven to be very useful as long as the results are used with caution.  

1.1 Objectives 
 
The objective of this study is to make a conceptual and a numerical model of the groundwater 
flow system in Urânia in the state of São Paulo, Brazil. The aim of the modeling is to gain a 
better understanding of the groundwater circulation in Urânia.  
 
Since this work is part of a project aiming to determine the origins of the nitrate contami-
nation in the urban area of Urânia, the model will be used principally for understanding the 
flow directions and later for evaluation of particle transport. Additional future work may 
include adding a solute transport model to the flow model.  
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1.2 Limitations  
 
Groundwater flow modeling is very complex and certainly requires a lot of time, resources 
and effort to be perfected. The present study is limited to six months of work, of which three 
months were conducted in São Paulo, Brazil. Financial resources are restricted, mostly affect-
ing field work. The major implications these limitations have on the study are as follows: 

• Field measurements are restricted to the urban area of Urânia (except GPS and flow 
measurements), although the model domain is extended beyond this area; 

• Within the study area, measurements of some parameters (such as hydraulic 
conductivity and recharge) are scare; 

• Several parameters included in the model (such as vertical hydraulic conductivity and 
streambed conductance) are not measured in the field; 

• No geostatistical analyses are performed on obtained data. 
 
However, the results of the present study will give an insight into system behaviour, which 
will show where reliable data is lacking. This will be helpful in the planning of future field 
work in the area.  

1.3 Background 
 
Anomalies of chromium in the groundwater of Urânia were detected in 1977 (Hirata, 2000). 
For this reason, the Instituto de Geociências (the Institute of Geosciences) at the University of 
São Paulo started investigating the hydrogeology and hydrogeochemistry of Urânia in 1993. 
Almodovar (1995) investigated the origin of these chrome anomalies, work that was contin-
ued by Almodovar (2000). The high chrome concentrations in the groundwater were found to 
have natural causes. 
 
Later works have increased the understanding of the groundwater system in Urânia. Gutierrez 
(1999) studied the hydrogeochemistry of the Bauru aquifer in Urânia, a study now continued 
by the same author. Bertolo (2001) studied the hydrodynamics and hydrochemistry of the un-
saturated zone in Urânia. 
 
This study forms part of a two-year project lead by Prof. Dr. Ricardo Cesar Aoki Hirata of the 
Institute of Geosciences at the University of São Paulo, studying the nitrate contamination in 
the wells of Urânia. The objectives of the project are: 

• To determine whether the nitrate originates from septic tanks or fertilizers;  
• To deepen the understanding of the geochemistry of the water and the nitrogen in the 

saturated zone in the area;  
• To define the impacts and evolution of the aquifer contamination and propose aquifer 

attenuation and protection strategies.   
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2 Groundwater flow models – an overview 
 
According to Wang and Anderson (1982, p.1), “a model is a tool designed to represent a 
simplified version of reality”. Since groundwater systems are very complex, simplification is 
nec-essary in order to facilitate planning and management decisions. Groundwater models 
have developed from the physical laboratory models that were used until the early 1970s, to 
the numerical computer models used today (Bear and Verruijt, 1987).  
 
Today, the term model as it is used in groundwater studies can be confusing as it has variety 
of meanings. It is used to describe the theory that explains the processes under consideration; 
the computer code used to simulate those processes; and the application of the computer code 
for the specific site (Guiger, 1994).  In this text, the word model refers to the site-specific 
application of the computer code. The modeling program is referred to as computer code.  
 
According to Anderson and Woessner (1992) there are three main types of applications for 
models: 

• Predictive: the most common type of application used to predict the future; 
• Interpretive: used for studies of the system and/or organization of field data;  
• Generic: used to analyze flow in hypothetical systems, which can be useful in framing 

regulatory guidelines for a specific region.  
 
Below, the theoretical concepts behind numerical groundwater models will be briefly de-
scribed. Applications as well as limitations of modeling will be discussed, and a method-
ology for modeling will be introduced.  

2.1 Theory of groundwater flow modeling 
 
A mathematical groundwater model consists of partial differential equations, initial conditions 
and boundary conditions (Guiger, 1994). Solving the model means calculating the head values 
at each point in the system (Wang and Anderson, 1982).  
 
The theoretic base for groundwater flow models is complex and will only be presented briefly 
in this text. It is founded on the physical theory of groundwater movement: Darcy’s law and 
the continuity equation. If these two are combined, and sources/sinks and change in storage 
are included, three-dimensional groundwater flow thorough a porous media can be described 
by the following equation (McDonald and Harbaugh, 1988): 
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where Kxx, Kyy and Kzz are values of the hydraulic conductivity along the x, y and z coordinate 
axes, which are assumed to be parallel to the major axes of hydraulic conductivity; h is hy-
draulic head; W is a volumetric flux per unit volume representing sources and/or sinks of 
water (at t-1); SS is the specific storage of the porous material and t is time. To solve equation 
2.1 it is necessary to specify the conditions at the boundaries of the system.  
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2.1.1 Boundary conditions 
 
There are three types of mathematical conditions used to represent hydrogeologic boundaries 
(Anderson and Woessner, 1992): 

• Specified head boundaries (Dirichlet conditions) 
• Specified flow boundaries (Neuman conditions) 
• Head-dependent flow boundaries (Cauchy or mixed conditions). 

 
An example of a specified head boundary is the surface of a lake. A specified flow boundary 
can be recharge to the water table or a no-flow boundary along a hydraulic divider. Rivers re-
present head-dependent flow boundaries, where flows from the riverbed to the groundwater 
depend on the river water level.  
 
Conceptually, a model domain can be limited entirely with specified flow boundaries. How-
ever, this will lead to mathematical problems since the governing partial differential equation 
is written for derivates of head. The solution will therefore be nonunique if boundary condi-
tions also are specified as derivates, such as flows (Anderson and Woessner, 1992).  

2.1.2 Numerical methods 
 
In general, groundwater flow equations are too complex to be solved analytically and there-
fore numerical solutions are used. The most common numerical methods to solve flow prob-
lems are finite differences and finite elements (Anderson and Woessner, 1992). Both these 
methods use a system of nodal points that is superimposed over the problem domain (Wang 
and Anderson, 1982).  
 
Finite-difference grids are easy to understand and require less input data than finite-element 
grids, but finite-element grids on the other hand can handle irregular boundaries and internal 
boundaries and sources/sinks better (Anderson and Woessner, 1992). Since the finite differ-
ence method is applied in the computer code MODFLOW used in this work, only this method 
will be presented here.  
 
Finite-difference grids can be either block-centered, where the nodes are located in the center 
of each grid cell, or mesh-centered, where the nodes are located at the intersections of grid 
lines (Wang and Anderson, 1982). A block-centered finite-difference grid is illustrated in 
figure 2.1.  
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Figure 2.1 Example of a block-centered finite-difference grid (Wang and Anderson, 1982). 
 
In an analytical solution, head values can be calculated at any point in the problem domain 
(Wang and Anderson, 1982). The numerical approximation of the mathematical model means 
that the calculation of head values is limited to the nodes. The governing equation is trans-
formed to a set of algebraic equations in a form that can be easily solved by a computer and 
the result can be expressed as a matrix equation (Anderson and Woessner, 1992).  
 
The general form of the finite difference approximation of equation 2.1 for the computational 
molecule in figure 2.2 is written as follows (Anderson and Woessner, 1992): 
 

kjikjikjikjikjikjikjikji RHSHhGhFhEhDhChBh ,,,,1,,1,,,1,,,1,1,,,1 =++++++ −+−++−  
(E 2.2) 

 
where B, C, D, E, F, G and H are coefficients that are functions of the hydraulic conductivity 
around the nodes. Coefficient H is also a function of the storage term. The term RHSi,j,k 
includes storage and recharge terms. 
 

 
Figure 2.2 A three-dimensional finite-difference molecule (Anderson and Woessner, 1992). 
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The system of equations is solved with iterative methods. Several methods have been devel-
oped to solve large sets of linear equations, such as the strongly implicit procedure, slice 
successive overrelaxation and preconditioned conjugate-gradient.  

2.2 MODFLOW 
 
MODFLOW was developed by the US Geological Survey in 1982. The original program has 
a difficult interface where the user must create input files from scratch and where the output is 
in the form of ASCII-files of head values at the nodes (Ashley, 1994). Therefore, software 
companies have developed graphical pre- and postprocessors for the program, e.g. Visual 
MODFLOW by Waterloo Hydrogeologic, Inc., which is used in this work.  
 
The MODFLOW program uses the method of block-centered finite differences in three di-
mensions to solve the flow equations. It consists of a main program and independent sub-
routines called modules (McDonald and Harbaugh, 1988). The modules are grouped into 
packages and each package deals with a specific hydrogeologic feature to be simulated. The 
basic package handles tasks that are part of the model as a whole and the block-centered flow 
package calculates terms of the finite-difference equations, e.g. flow from cells. Boundary 
packages include those for simulating recharge, evapotranspiration, rivers, drains and general-
head boundaries. There are also well and solution packages.  
 
Since packages are independent of each other, other packages can be added without the neces-
sity to modify existing packages. Flexibility was one of the main aims when constructing the 
program (McDonald and Harbaugh, 1988). A new solution package, PCG2 has been added 
(Hill, 1990), as well as a package for simulating horizontal-flow barriers, HFB (Hsieh and 
Freckleton, 1993) and a package for simulating aquifer-system compaction, Time-Variant 
Specified-Head Package (Leake and Prudic, 1988).  
 
Since MODFLOW has become the most widely used computer code for groundwater model-
ing, compatible programs have been developed to simulate other features. Zone Budget is a 
program that calculates subregional water budgets using results from MODFLOW simulations 
(Harbaugh, 1990), which is especially useful for model calibration. MODPATH is a particle 
tracking program developed by the U.S. Geological Survey and MT3D is a program for simu-
lating solute transport developed by the University of Alabama (Waterloo Hydrogeologic Inc., 
2000a).  
 
MODPATH is a particle-tracking post-processing package that computes three-dimensional 
flow paths using outputs from groundwater flow simulations made by MODFLOW. There are 
two computer codes within the package: MODPATH calculates particle paths, and 
MODPATH-PLOT displays results graphically. The method used by MODPATH is semi-
analytical; within each finite-difference cell an analytical expression of the particle flow path 
is obtained. Particles are then tracked from one cell to the next until they reach a boundary, an 
internal sink/source, or satisfy some other termination criterion (Pollock, 1994).  
 
The advantage of working with a widely used program such as MODFLOW is that it has 
already been verified. Verification of the governing equation ensures that it accurately de-
scribes the physical processes of flow in porous media. The computer code is verified to see 
that it solves the governing equation correctly (Anderson and Woessner, 1992).  
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2.3 Limitations of groundwater flow models 
 
Although models are very useful in the analysis of groundwater flow systems, they also have 
their limitations. It is important to be aware of these limitations in order to use the results of 
modeling properly.  The various steps in groundwater modeling may each introduce errors: 
converting the real world into a conceptual model, converting a conceptual model into a 
mathematical model, and solving the mathematical model (Haitjema et al., 2001).  
 
Several authors express concern of numerical inaccuracies within groundwater computer 
codes (e.g. Osiensky and Williams, 1997; Lal, 2000). Numerical errors are introduced in the 
model because discrete values are used to represent the continuous functions of flow and be-
cause numerical methods are used to solve the governing equation approximately (Lal, 2000). 
However, widely used computer codes such as MODFLOW have been thoroughly verified 
and improved solution techniques are continually developed. It is thus reasonable to assume 
that more serious model errors originate from the inability to properly represent field condi-
tions within the model.  
 
There are several reasons why conditions in the field are difficult to transfer to a computer 
model. First of all, errors often arise when making the conceptual model, due to lack of field 
data or inexperience. Field data is also subject to measurement errors. If the conceptual model 
is not based on the appropriate assumptions, the numerical model will inevitably be inaccurate 
(Anderson and Woessner, 1992). Furthermore, translating the conceptual model to a numeri-
cal model involve additional difficulties. Computer models generally require large amounts of 
data, some of which may not be available. Certain model inputs generally are based on esti-
mates and assumptions rather than field data, and models should therefore be used with cau-
tion, especially when intended for regulatory purposes (Ashley, 1994).  
 
Methods for quantification of model uncertainty have been developed by e.g. Kunstmann and 
Kinzelbach (2000) and Mishra (2000). These methods can be very useful as a means of deter-
mining whether more field data is required to give the model sufficient accuracy. Weighing 
the field data used as calibration targets according to their measurement error, as suggested by 
Hill et al. (2000), is also a way to improve model accuracy.  
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2.4 Groundwater modeling in practice 
 

Over the last two decades, models have been used extensively to analyze groundwater flow 
and to make management decisions. The most common application is the development and 
management of well fields (Getchell, 1996). Other widespread applications include evaluation 
of contaminant transport, delineation of wellhead protection areas and design of remediation 
systems. Groundwater models have also been used in environmental impact assessments 
(Ashley, 1994). 
 
The aim of virtually all modeling studies is to gain new insights into the groundwater flow 
system under consideration, irrespective of the final goal of the study.  Numerical models may 
show which assumptions about the flow system that are inaccurate, as in the study performed 
by Varni and Usunoff (1999). They found that recharge is not uniform over the model area as 
formerly supposed, and that evapotranspiration rates are larger than previous estimates. Mod-
els can also be useful in assessing the need for future fieldwork (Brassington, 1998).  
 
When the objective is to evaluate groundwater vulnerability and protect groundwater re-
sources, particle tracking is often added to the numerical flow model, as performed by e.g. 
Kerschbaum (1995) and Snyder et al. (1998). The present work forms part of a project to 
determine the origins of nitrate contamination in an unconfined aquifer, which is related to the 
modeling study performed by Zhou (1996). Particle tracking analysis was carried out in order 
to track nitrogen particles from recharge areas to discharge points of supply wells and to 
evaluate nitrogen particle travel times. Wastewater return flow from a nearby treatment 
facility was found to be the source of nitrogen in the wells.  

2.5 The modeling process 
 
To ensure that the modeling study is performed correctly, it is important to use a proper mod-
eling methodology. This will also increase confidence in the results of the model (Anderson 
and Woessner, 1992). Figure 2.3 shows a modeling protocol suggested by Anderson and 
Woessner (1992).  
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Figure 2.3 Steps in a modeling protocol (Anderson and Woessner, 1992). 
 
The different steps in figure 2.3 will be explained below. Naturally, not every modeling study 
follows all the steps in the above protocol.  

2.5.1 The purpose of the model 
 
The first question to answer is clearly if a model is the best way to obtain the desired informa-
tion. If the answer is yes, then the purpose of the model should be defined. The design of the 
model will depend on its future applications. It is therefore very important to first identify the 
model objectives (Anderson and Woessner, 1992).  
 
The features of the groundwater system to be included in the model are determined by the 
objectives, as is the degree of accuracy (Bear and Verruijt, 1987). Sometimes average values 
of e.g. water levels over a large area are sufficient and other times precise point values are 
necessary.  
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2.5.2 The conceptual model 
 
The most important step in modeling is the construction of the conceptual model. When nu-
merical models fail to make accurate predictions, it is often due to errors in the conceptual 
model (Anderson and Woessner, 1992).  
 
The conceptual model should be simplified as much as possible while it still remains complex 
enough to adequately represent system behaviour (Anderson and Woessner, 1992). Over-
simplification can lead to a model that does not provide the required information while under-
simplification results in a model that is either too costly or lacks data required for calibration 
and parameter estimation (Bear, 1994).  
 
The simplifications that constitute the conceptual model should be acceptable in relation to the 
model objectives. Assumptions should relate to such matters as the geometry and conditions 
of the boundaries, the kind of material within the aquifer, the flow regime and sources and 
sinks (Bear and Verruijt, 1987).  
 
According to Anderson and Woessner (1992) there are three steps in building a conceptual 
model: 

• Defining hydrostratigraphic units; 
• Preparing a water budget; 
• Defining the flow system.  

2.5.3 Code selection and design of the numerical model  
 
First of all, a computer code to be used for modeling must be selected. It is important that the 
code is verified, both for the governing equation and the numerical approximation of this 
equation (Anderson and Woessner, 1992). As previously stated, this does not pose a problem 
for commonly applied codes such as MODFLOW.  
 
After selection of a computer code, the conceptual model is transformed into a numerical 
model. This includes (Anderson and Woessner, 1992): 

• Design of the grid; 
• Selecting time steps; 
• Setting boundary and initial conditions; 
• Preliminary selection of values for aquifer parameters and hydrologic stresses.  

 
Design of the numerical model can be tricky as field measurements in general are carried out 
on a scale not suitable for modeling purposes and thus the measured parameters must be trans-
formed for the numerical model (Carrera and Neuman, 1986a).  
 
Grid resolution can affect the modeling results. Large cells cannot represent boundary condi-
tions such as wells, streams and lakes accurately; neither are flow fields adequately repre-
sented (Haitjema et al., 2001). 
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2.5.4 Calibration, sensitivity analysis and verification 
 
Calibration is made to ensure that the model reproduces field-measured heads and flows. Both 
heads and fluxes should be used as calibration targets (Anderson and Woessner, 1992). Cali-
bration with multiple targets is useful in order to identify the best calibration within a group of 
different possible calibrations (Kim et al., 1999).  
 
There are two essentially different calibration strategies: manual trial-and-error calibration 
and automated calibration. The former is often used but is generally labour intensive, frustrat-
ing and subjective (Carrera and Neuman, 1986a).  
 
Methods for parameter optimization for calibration of groundwater models have been devel-
oped by several authors, e.g. Carrera and Neuman (1986a, 1986b, 1986c) and Olsthoorn 
(1995). PEST is a program for automated calibration developed by Watermark Numerical Inc. 
that is now fully incorporated in the most recent versions of Visual MODFLOW (Waterloo 
Hydrogeologic Inc., 1999).    
 
Fourteen guidelines for effective model calibration are described by Hill et al. (2000). The 
advantages of applying these guidelines are, according to the authors, that the model is tested 
more strictly against measured data and that the statistics used are designed to communicate 
the strengths and weaknesses of the simulations clearly to non-modelers, such as water re-
source managers. The disadvantage of this type of calibration methodology may be that it 
requires resources that are not available.  
 
The purpose of a sensitivity analysis is to determine the effect of uncertainty on the calibrated 
model. It is very useful in identifying which parameters are most important for model results. 
A sensitivity analysis performed by Gray (1997) found that errors in recharge and evapo-
transpiration had the most impact on the results, while Delaimi (1996) showed that aquitards 
controlled the flow within the aquifers of that particular area. Results from the sensitivity 
analysis help identify which parameters should be emphasized in future field work at the 
model site so as to improve model certainty.   
 
Verification of the model is performed in order to establish greater confidence in the calibra-
tion (Anderson and Woessner, 1992). It is done by using the calibrated model to reproduce a 
second set of field data, e.g. data from a different pumping scenario. 

2.5.5 Prediction and predictive sensitivity analysis 
 
Prediction can be the purpose of a modeling study. The model is run with calibrated values for 
parameters and disturbances, except for those disturbances that are expected to change in the 
future (Anderson and Woessner, 1992).  
 
The predictive sensitivity analysis is done to estimate the uncertainty of predictions made by 
the model (Anderson and Woessner, 1992). This differs from the previous sensitivity analysis 
in the way that future stresses are unknown, and the range of predictions when different pos-
sible future scenarios are simulated is evaluated.  
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2.5.6  Postaudit and model redesign 
 
Postaudits are made several years after the model is designed and calibrated. Field data is col-
lected and compared to the predictions made by the model. If the predictions are correct, the 
model is validated for the specific site. Generally, postaudits often lead to modifications in the 
model as new insights into system behaviour are made (Anderson and Woessner, 1992).  
 
White (1997) performed a postaudit of a groundwater flow model from 1985. The model had 
generally predicted greater drawdowns from pumping than those that occurred. As a result of 
the postaudit, the aquifer boundaries within the model were adjusted.  
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3 Study area 
 
The municipality of Urânia is situated in the northwestern part of the state of São Paulo, 
Brazil; 595 km from the city of São Paulo (see figure 3.1).  It has a population of 8,825 of 
which 80% is urban (IBGE, 2001a). The focus of this study is the urban area of Urânia of 2.6 
km2, although the study area has been extended for modeling reasons to an area of 17.5 km2.  
 

 
 
Figure 3.1 Location of Urânia (after Andrée and Fors, 1988; GuiaNet, 2000). The white area 
within the shaded rectangle represents the area to be modelled, with the urban area of Urânia 
in the centre.  
 
Agriculture is the main economic activity in the area, primarily cultivation of fruits (grape and 
pineapple) and small-scale cattle farming. There are also small industries, such as rice pro-
cessing and furniture manufacturing (Gutierrez, 1999).  
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3.1 Contamination and protection of groundwater in the area 
 
The state of São Paulo, with a total population of 37 million is the most populated and indus-
trialized state of Brazil (IBGE, 2001b). The area is highly dependent on groundwater for 
public supply, industrial use and irrigation. The intense industrialization and agriculture, along 
with high levels of groundwater abstraction has threatened the quality of this resource, thus 
making the necessity of groundwater protection increasingly apparent (Hirata et al., 1991).  
 
Groundwater protection in the state is regulated in a state law from 1988 (Governo do Estado 
de São Paulo, 1988), which states that there should be a permanent program of preservation 
and conservation of groundwater. There are three levels of protection areas (Governo do 
Estado de São Paulo, 1991): 

• Maximum Protection Areas: recharge zones of highly vulnerable aquifers that are 
essential for public water supply; 

• Areas of Restriction and Control: areas of highly regulated groundwater extraction, 
maximum control of established pollution sources and restriction of new activities 
with pollution potential; 

• Well Protection Areas: a minimum distance between wells and protection perimeter is 
established.  

 
The protection of groundwater in the state is concentrated on the following issues (SHRSO, 
2002): 

• Control of perforation of deep wells and of groundwater extraction; 
• Hydrogeologic cartography; 
• Cartography of aquifer vulnerability and  
• Cooperation with municipalities concerning extraction, conservation and protection of 

groundwater. 
 
The protection of water resources is outlined in the state plan of water resources that is made 
every four years, starting 1990.  In these plans, the state of São Paulo is divided into 22 water 
resource units classified according to land use. Priority of water use is established for each 
unit (SRHSO, 2002). The municipality of Urânia belongs to the water resource unit Turvo 
Grande, which is classified as a farming region (Conselho Estadual de Recursos Hídricos, 
1990).  
 
Since the first water resources plan, groundwater quality monitoring programs have been im-
plemented by CETESB (1998) in the state of São Paulo. Contamination of the Adamantina 
aquifer, which is the most important aquifer in the region where the study area is located, was 
indicated by high levels of nitrate throughout the outcrop area. However, no strategies have 
been proposed to solve this problem. According to CETESB (1998), the control of disperse 
pollution sources is difficult due to lack of specific legislation and limitations in relation to 
agricultural production.  
 
Hirata et al. (1991) made a vulnerability map of the state of São Paulo. The Adamantina aqui-
fer was found to have medium high to medium low vulnerability index, depending on the 
depth to the water table. The potential contamination load was found to be low in the region 
of Urânia, which means that the pollution risk is relatively low. However, agricultural con-
tamination was not included in the study. Other studies have shown that the Adamantina 
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aquifer is very vulnerable to contamination, especially from nitrate (DAEE, 1976; CETESB, 
1998).  
 
Even though groundwater protection is fairly regulated in the state of São Paulo as a whole, 
naturally the focus is on the highly industrialized and populated areas in the eastern part of the 
state, around the major population centres of São Paulo and Campinas. The first ten years of 
state plans for water resources have been used for inventories of water use, aquifer vulnera-
bilities and contamination sources and for establishing a protocol for working with ground-
water protection. Remediation and control of contamination sources are yet to come. 

3.2 Topography and drainage  
 
The region were the study area is located is relatively flat with gently sloping hills. It is lim-
ited by big rivers, such as Rio Grande in the north, Rio São José dos Dourados and Rio Tietê 
in the south and Rio Paraná in the west (Almodovar, 2000). Figure 3.2 shows a view of the 
urban area of Urânia, which reveals the shape of the landscape.  
 

 
 
Figure 3.2 A view of the urban area of Urânia. 
 
The study area has an elevation of 390 to 490 m above sea level and is drained by several 
small streams; córrego Matadouro, córrego da Porteira, córrego Comprido and córrego do 
Fandango (IGGSP, 1966a-b). Figure 3.3 gives a view of local drainage and topography.   
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Figure 3.3 Map that shows local drainage and topography (after IGGSP, 1966a-b; SABESP, 
1988). The urban area of Urânia is shown in the centre of the map.  

3.3 Climate 
 
The region of the study area has tropical to sub-tropical climate, with two well-defined sea-
sons; one hot, rainy season and one cold, dry season (DAEE, 1976). The average annual tem-
perature in the area is 23°C. The hottest month is January with an average temperature of 
25°C and a maximum temperature around 32°C. The temperature reaches its minimum value, 
14°C, in July (DAEE, 1976). 
 
Between 1959 and 1999, the average annual rainfall in Urânia was 1271 mm (Hirata, 2000). 
The months of December, January and February were the most humid, with average monthly 
precipitation of 196, 234 and 179 mm, respectively. The potential annual evaporation is 2200 
mm (DAEE, 1976).                                                                                                                                               

3.4 Soil and vegetation 
 
The soil is a result of erosion of the sandstones of the Baurú series and consists of fine silted 
sand with interbedded thin layers of clayey sand (Almodovar, 2000). During one perforation 
made by Bertolo (2001) in the western part of the urban area of Urânia, sand soil was found 
down to approximately 10 m depth, interrupted by a thin sandstone layer at 7 m depth. The 
water table is generally located within the sandstone. The soil layer is thus part of the unsatu-
rated zone and does not affect modelling of the saturated flow.  
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The region has very little natural vegetation due to intense agriculture and cattle farming 
(DAEE, 1976). Deciduous forest is found on the most elevated crests.   

3.5 Geology   
 
The study area is situated in the volcanic-sedimentary basin of Paraná, which in Brazil covers 
almost 1 million square kilometres (IPT, 1997). It consists of continental and occasional ma-
rine sediments over basaltic lava.  
 
Urânia is situated in the Planalto Ocidental Paulista, which covers 50% of the state of São 
Paulo (Almodovar, 2000). More specifically, the study area is located in the Planalto Centro 
Ocidental. This altiplane is made up of rocks of the Baurú series, which consist mainly of 
sandstone. The geological formations of concern in this study are the Adamantina formation 
of the Baurú series and the Serra Geral formation.  
 
A detailed description of the geology of the study area is beyond the scope of this work. For a 
more thorough view of the geology, see e.g. Fúlfaro and Bjornberg (1993). 

3.5.1 Baurú series 
 
The Baurú series cover an area of 104,000 km2 (Rocha et al., 1982) and 42% of the area of the 
state of São Paulo (CETESB, 1998). They consist of sandstone and argillaceous sandstone, 
either calcareous or non-calcareous. Conglomerates are found locally (DAEE, 1976).  
 
As can be seen in figure 3.4, the Baurú series are dominated by the Adamantina formation, 
which is characterized by finely granulated sandstone (Fúlfaro and Bjornberg, 1993).  In 
Urânia, the identified maximum thickness of Adamantina is 160 m (Almodovar, 1995). The 
sandstone here consists of fine silted to clayey sand (Almodovar, 2000).  

 
Figure 3.4 Distribution of the Adamantina formation of the Baurú series in the state of São 
Paulo (after IPT, 1981). 
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According to a new division of the Baurú series proposed by Fernandes (1998), the Rio de 
Peixe formation outcrops in Urânia. However, the previous division is still most widely used 
and will be respected throughout this work.  

3.5.2 Serra Geral 
 
The Serra Geral formation forms part of the São Bento series and is regionally very hetero-
geneous. It is formed by basaltic rocks and constitutes one of the major known masses of 
volcanic rocks in the world (de Oliveira, 1956). It underlies the Adamantina formation but 
outcrops along the valleys of the rivers Tietê, São José dos Dourados, Grande and Paraná 
(DAEE, 1976). The Serra Geral formation outcrops in Santa Albertina, located 23 km from 
Urânia (DAEE, 1978).  
 
Within the region, the Serra Geral formation is 500 – 1500 m thick (DAEE, 1976). In Jales, 
located 10 km from Urânia, well boring profiles show a thickness of the basaltic rock of 
around 900 m (DAEE, 1981; SABESP, 1992). In Urânia, the top few metres of Serra Geral 
consist of highly fractured basalt (Hirata, 2001).      

3.6 Hydrogeology 
 
The hydrogeology of the important geological formations is briefly discussed below. For a 
more detailed description of hydrogeologic properties relevant for modeling, see chapter 5.1; 
Conceptual model.  

3.6.1 Adamantina aquifer 
 
Adamantina is only a moderately permeable formation, due to beds of silted and clayey mate-
rial within the rock (DAEE, 1976). However, because of its great extension, it is the most im-
portant aquifer in the region. Relatively shallow wells can provide water and it is therefore a 
very valuable aquifer for public water supply in small communities (CETESB, 1998).  
 
Although it is generally an unconfined aquifer, the presence of clayey or carbonated units 
within the sandstone can locally give rise to confined conditions (DAEE, 1976). According to 
Almodovar (2000), the aquifer can be considered unconfined, homogenous and isotropic 
within the study area.  However, in the unsaturated zone, the vertical hydraulic conductivity is 
generally lower than the hydraulic conductivity in the plane (Bertolo, 2001).  No data for ver-
tical hydraulic conductivity in the saturated zone is available. Some parameters of the 
Adamantina aquifer are given in table 3.1.  
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Table 3.1 Parameters of the Adamantina aquifer. Values are from Urânia when available. 
Regional values are in italics.  
 
Parameter Value Reference 
Location of water table 4.6 – 50 m below ground 

surface 
Almodovar, 1995 

Kx = Ky 4.0·10-7 – 1.4·10-6 m/s SABESP** well profiles, 
see appendix 10 

Kz No values available  
Transmissivity 4 – 13 m2/day SABESP** well profiles, 

see appendix 10 
Well capacity 140 – 360 m3/day SABESP** well profiles, 

see appendix 10 
Specific well capacity 0.08 – 0.42 m3/h/m SABESP** well profiles, 

see appendix 10 
Effective porosity 5 – 15%* DAEE, 1976 

*15% where sand predominates and 5% in layers of silicified and calcareous sandstone. 
**SABESP – Companhia de saneamento básico do estado de São Paulo, the company responsible for water 
supply and wastewater treatment within the study area.  
 
Recharge to this aquifer mainly takes place as direct infiltration of rain. A study by Bertolo 
(2001) found that the transport time through the unsaturated zone to the water table is ap-
proximately three months where the thickness of the unsaturated zone is 10 m. Since the 
aquifer is principally unconfined, it can be assumed that the potentiometric surface is shaped 
according to the topography, with groundwater flow lines that converge at the rivers. The di-
viders of the hydrogeologic basins thus coincide with the dividers of the hydrographic basins 
(Bertolo, 2001).  

3.6.2 Serra Geral aquifer 
 
This aquifer is made up of the basaltic rock of the Serra Geral formation and the permeability 
depends on the extent of fracturation (Almodovar, 2000).  The transmissivity of the aquifer 
varies between 1 and 700 m2/day (CETESB, 1998) and the effective porosity is 1 – 5% 
(DAEE, 1976).  
 
Generally, basaltic rocks have low transmissivity in the vertical direction. Due to this, and 
because of its thickness, Serra Geral is considered to be a confining layer of the underlying 
Botocatu aquifer (DAEE, 1976).  
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3.7 Water supply and wastewater 
 
The region depends exclusively on groundwater for supply of potable water. The water supply 
and wastewater treatment company of the state of São Paulo (SABESP) has seven wells in 
Urânia that were used for water supply until chromium concentrations above the limit for po-
table water were discovered in the water of the public wells. Today, the town is supplied with 
water piped from wells in the nearby city of Jales. The wastewater of Urânia is treated in an 
aerated lagoon just outside the city limits. According to Rodrigues Verdelho (2001), 97% of 
the wastewater is treated there.  
 
Although SABESP is responsible for water supply in the area, many private wells are also in 
use. This is largely due to the high price of public water. At the time of this study, 34 tubular 
and 47 hand-dug private wells had been located in Urânia. No data on the amount of extracted 
water from these wells is available.  
 
Old septic tanks are also found in the study area, which were used prior to the implementation 
of the wastewater treatment system. In the northeastern part of the urban area, where house-
holds are not connected to the public wastewater treatment plant, private septic tanks are still 
in use.  
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4 Materials and methods 
 
This chapter describes the process of developing a steady-state conceptual and numerical flow 
model for Urânia. It is divided in two main parts. Firstly, the methodology for constructing the 
conceptual model is described, and then the methodology of the numerical model is ex-
plained. It should be noted, however, that there is a continual interaction between the concep-
tual and numerical model, i.e. the calibration of the numerical model inevitably leads to modi-
fications in the conceptual model. The strict division between the two in this chapter is for the 
purpose of clarifying the methodology for the reader.  

4.1 Preparatory work 
 
The preparatory work consisted in a literature survey of groundwater flow models, as well as 
a review of previous work performed in the study area. This work was conducted both in 
Sweden and Brazil.  

4.2 Conceptual model  
 
The conceptual model was built on existing data complemented with data collected in the 
field. Information about the hydrogeology of the study area was obtained from several 
sources, including previous research at the Institute of Geosciences at the University of São 
Paulo, reports from companies such as SABESP (São Paulo Water Supply and Sanitation 
Company) and CETESB (Environmental Sanitary Technology Company of São Paulo) and 
works by São Paulo state authorities such as DAEE (Department of Water and Electrical 
Energy of the state government). Fieldwork was carried out in Urânia during two periods, 
September 24 – 29, 2001 and October 29 to November 7, 2001.  

4.2.1 Topography 
 
Topographic data for the municipality of Urânia, except for the urban area, was obtained from 
topographic maps in scale 1:50 000 with an equidistant of 10 m (IGGSP, 1966a; IGGSP, 
1966b).  Topography of the urban area was taken from a topographic map in scale 1:2000 
with equidistant lines of 5 m (SABESP, 1988.).  
 
The elevation of wells, points for vertical electrical soundings and points along rivers used as 
boundary conditions was measured with a precision Global Positioning System (GPS: Trimble 
– Pathfinder PRO-XR12). The software GPS Pathfinder Office (Trimble, 2001) was used for 
data differential correction, and the correction data was registered by an antenna localized at 
the Santiago & Cintra office in São Paulo. 
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4.2.2 Aquifer thickness 
 
The thickness of the Adamantina aquifer was determined with a geophysical survey combined 
with data from well profiles (DAEE, 1978; DAEE, 1981; SABESP, 1979a-g; SABESP, 1980; 
SABESP, 1982a-b; SABESP, 1991; SABESP, 1992). Data from these two sources were 
united to create a map of the elevation of the basaltic rock under the urban area of Urânia.  
 
According to Davino et al. (1974), electrical sounding is the most adequate geophysical meth-
od for hydrogeological explorations in the Bauru formation of the São Paulo State. The geo-
electrical profiles of the Bauru formation show resistivities around 20 Ω·m for the saturated 
sandstones and 500 Ω·m for the underlying basaltic rock (Ellert, 1973). Due to the large geo-
electrical contrast between these layers, this method was chosen for the investigation of the 
top of the underlying basalt rock. These values were also used in the interpretation of the re-
sults of the soundings.  
 
Vertical electrical soundings (VES) where performed on 15 locations around the city of 
Urânia, see figure 4.1, preferably on flat ground and far from potential electrical interference, 
such as power cables and underground metallic materials. Schlumberger array with direct cur-
rent was used. The electrical source was a Tectrol instrument; model TDC 1000/12, with a 
power of 500 W and maximum voltage of 1000 V. A 3½ digital voltmeter was used. Porous 
electrodes were used because they are stable in relation to the intrinsic potential of the ground.  
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Figure 4.1 Locations of vertical electrical soundings. 
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During the execution of the VES, electrodes were positioned separately at specified distances 
(AB) with the objective of reaching the top of the basalt rock. The maximum distance be-
tween the electrodes were 1,000 m. Table 4.1 shows the specific distances (AB/2) used for 
each VES. 
 
Table 4.1. Electrode distances (AB/2) in the VES. 
 

VES AB/2 (m) VES AB/2 (m) 
01 400 09 300 
02 500 10 100 
03 400 11 400 
04 400 12 300 
05 300 13 300 
06 400 14 300 
07 400 15 250 
08 400   

 
The obtained data was interpreted using the software Resix-IP (Interpex, Ltd., 1998). Four 
geoelectrical layers were identified: unsaturated sandstone (resistivities < 20 Ω·m), upper 
saturated sandstone and lower saturated zone (resistivities < 400 Ω·m) and basalt rocks 
(resistivities > 400 Ω·m). 

4.2.3 Water table 
 
Water levels were measured during two campaigns in order to construct maps of the water 
table, see figure 4.2. These values were also used for calibration of the numerical model (see 
section 4.3.2).  

C 11

C14

C1

C 9

C 6

C2

C5

C15

PC-22PC-40

PT-26

PC-44

PC-17
PC-37

PT-21

PC-30

PC-32

PC-06

PC-43

PC-25

PC-34

PC-19

PC-35

PC-45

PC-16

PC-13

PT-24

PC-08

PC-02

PC-07

PC-101

PC-23

PC-29 Wells measured in September

Wells measured in September/October

Wells measured in October

PC-29

PC-38

PC-101

PC-24

PC-23

PC-32

PC-10 PT-23

PC-09
PT-19

PC-04

PC-26

PC-27

100 m0

Scale

 
 
Figure 4.2 Map of wells in urban Urânia where water levels were measured. 
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The water level in selected wells was measured using a dipper with an audible signal, see 
photo in appendix 1. The owners of the wells where contacted the day prior to the measure-
ments to make sure that pumps where not used at least 12 h before measurements. Since 
previous work (Rossato, 1999) has shown that water levels in the study area do not vary 
significantly with time, water levels measured within ten days were used for the same water 
table map. Two water table maps were thereafter constructed.  

4.2.4 Hydraulic conductivity 
 
Data from well performance tests made at the time of the construction of the public wells was 
used to obtain hydraulic conductivity values of the Adamantina aquifer (SABESP, 1979a-e; 
SABESP, 1982a; SABESP, 1991).  
 
Two pumping tests were performed to obtain hydraulic conductivity values for the Ada-
mantina aquifer in the southern and eastern parts of the urban area where data was lacking. 
Subsequent recovery tests were also performed.  
 
The pumping tests were performed in tubular wells because hand dug wells in general are 
poorly constructed and therefore have high well los0ses. The public wells (property of 
SABESP) are impractical to use because of their depth and because they are closed and no 
longer in use.  PT-23 and PT-26, see figure 4.2, were chosen because of their location and for 
practical reasons; as property of the municipality they are accessible at all times. Previously 
installed pumps were used for the pumping tests, see photos in appendix 1.  
 
The water levels during the pumping tests were measured with the frequency suggested by 
Brassington (1998). Obtained data was analysed using the software Aquifer Test (Waterloo 
Hydrogeologic Inc, 1998). The method that gave most reasonable results for each test was 
used for analysis, see appendix 7.  

4.2.5 Surface water  
 
For the purpose of water budget estimations and calibration, the surface water flow in the 
study area was measured. The depth of the surface water bodies in the area was measured with 
a metal gauge at the same locations as the stream elevation GPS measurements (section 4.2.1). 
The location of both flow and depth measurements is given in figure 4.3.  
 



A numerical groundwater model for Urânia (SP, Brazil) 
 
 
 

 25

C 10

C 5

C 6

C 2

C 7

C 8

C 11

C1 5

C9

C 1

C 12 C 14

C 13

R-1R-2

R-13

R-15

R-16

R-23

R-24

R-22

R-18
R-17

R-21

R-20

R-4

R-10
R-9

R-11/R-12
R-19

R-5 - R-8

R-3
R-14

F-2

F-3 F-4

F-5

F-6

F-8

F-7

F-10

F-9

F-11

SCALE

 
 
Figure 4.3 Location of surface water flow (F) and depth measurements (R). The urban area of 
Urânia is located in the centre of the map. 
 
The flow speed in the creeks of the area was measured using a propeller current meter and a 
stopwatch, see photo in appendix 1. The current meter had previously been calibrated at the 
Institute of Geosciences, University of São Paulo. The velocity was measured three times and 
the average value was used for calculation of the flow. The area of the cross-section was mea-
sured with a metal gauge. The flows were measured at half the water depth. Generally, vari-
ous velocity readings should be taken along a stream cross-section. In this case, however, the 
streams were so small that only one reading per cross-section was possible. The flows were 
afterwards multiplied with a correction factor (Brassington, 1998), to account for the fact that 
the average flow velocity is at 0.6*depth and that only one reading in the middle of the stream 
was taken. 
 
Two cross-sections in each creek were measured and the distance between the two points esti-
mated in order to assess the groundwater discharge. However, due to measurement uncertain-
ties, this method was found to be unviable.  
 
The electrical conductivity (EC) of selected surface water bodies was measured to determine 
whether they were influenced by wastewater. EC-values were compared to determine the 
wastewater influence, since high values of electrical conductivity indicate the presence of 
wastewater.  
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4.2.6 Water budget 
 
A water budget for the model area was calculated for steady-state conditions according to the 
equation (Domenico and Schwartz, 1998): 
 

Input – Output = 0    (E 4.1) 
 
where estimated values of recharge and artificial recharge were used as input values and 
measured surface water flow values were used as output values.  
 
A water balance according to Thorntwaite and Mather (1955) was also calculated. The water 
balance was calculated for each month and the monthly values of precipitation (P) – evapo-
transpiration (EP) were used to get an idea of the relationship between these parameters dur-
ing the course of the year. No exact values from this calculation were used, since the error can 
be as much as 40% (Hirata, 2001). Input data for this calculation was obtained from DAEE 
(1976), SIGRH (2001) and Bertolo (2002).   

4.3 Numerical model 
 
The software Visual MODFLOW (Waterloo Hydrogeologic Inc., 2000b) was used for the 
numerical model. It was chosen since it is one of the most widely used programs for ground-
water flow modeling and it has previously been successfully used at the University of São 
Paulo.  
 
The modeling process has three main parts: data input, calibration and sensitivity analysis.   

4.3.1 Data input 
 
The base map for the model was a digitalised version of three topographic maps (IGGSP, 
1966a-b; SABESP, 1988).  
 
The ground surface elevation was obtained from the digitalisation of topographic curves (of 
maps IGGSP, 1966a-b and SABESP, 1988) in the software Surfer (Golden Software Inc., 
1999). This digitalisation created coordinates that were saved in a text-file and then imported 
into the model, where the elevation of each cell was interpolated. The same method was used 
for the top elevation of the bottom layer (fractured basalt), where the topographic curves of 
the basalt created from well boring profiles and vertical electrical soundings (see section 
5.2.5) were digitalised. Coordinates from well boring profiles outside of Urânia (DAEE, 1978; 
DAEE, 1981; SABESP, 1979f-g; SABESP, 1980; SABESP, 1981; SABESP, 1982b; 
SABESP, 1992) were also inserted into the text-file used for interpolation. The bottom 
elevation of layer 5 was obtained from subtracting 5 m from z-coordinates of the text-file.   
 
The number of rows and columns were chosen so that every cell should be 50 x 50 m; since 
this was estimated to be a small enough cell size to adequately represent well drawdowns and 
boundary conditions. The number of layers was chosen so that both vertical fluxes and geo-
logical formations would be satisfactorily represented.  
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Boundary conditions were chosen so that the model domain would be as limited to the urban 
area of Urânia as possible and model cells outside chosen boundary conditions were inacti-
vated. Constant head boundaries were introduced to get model convergence. Drains were 
inserted as boundary conditions to simulate gaining streams. The drain conductance was 
calculated as streambed conductance, which is given by the equation (de Carvalho and de 
Oliviera, 1998): 
 

M
LwK

C B
d =      (E 4.2) 

 
where KB is the hydraulic conductivity of the drain material, L is the length of the stream in 
the cell, w is the width of the stream within the cell and M is the thickness of the streambed 
material. KB is estimated to be approximately one order of magnitude lower than the average 
hydraulic conductivity of the aquifer, L is approximated to the diagonal length of the cell to 
account for a winding flowpath, w is estimated to 1.0 m and M is estimated to 0.5 m. Since no 
measurements of this value were available, it was impossible to be accurate on a detailed level 
and therefore only one value for drain conductance within the whole area was inserted. The 
drain conductance value was modified during model calibration.  
 
Since Almodovar (2000) has stated that the Adamantina aquifer is homogenous and isotropic, 
the hydraulic conductivity of model layers belonging to this formation was estimated to be an 
average value of conductivity values obtained from well performance and pumping tests. The 
hydraulic conductivity of the bottom layer was estimated to be two orders of magnitude lower 
than the value for the others layers. Both the number of conductivity zones and the conduc-
tivity values were adjusted during model calibration.  

4.3.2 Model run and calibration 
 
The model was run with the iterative solution method WHS Solver, developed by Waterloo 
Hydrogeologic Inc. and incorporated into Visual MODFLOW. Program default settings were 
used. Run options were set as follows: 

• Specified heads were used as initial heads; 
• Cell rewetting was active with default settings; 
• Recharge was applied to the highest active cell in each column; 
• Layer 1 was set as layer type 1 (unconfined) and layers 2-5 were set as layer type 2 

(confined/unconfined, variable S and T). 
 
Calibration of the model was performed with two different data sets: 

• Static head values from the water level measurements of hand dug wells (PC) in 
October-November; 

• Surface water flows. 
The model was first calibrated for head values and thereafter for flows. 
 
Wells where water levels were measured in October and November were inserted into the 
numerical model as head observation wells. The depth of the observations (observation 
points) was estimated from assumed well depths. Input data for head observation wells can be 
found in appendix 13.  The location of head observation wells in the model is given in figure 
4.4.  
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Figure 4.4 Location of head observation wells. 
 
The calibration criterion for head values was that the normalized root mean squared (RMS) 
should be equal to or less than 10%. The normalized root mean squared is defined as 
(Waterloo Hydrogeologic Inc., 1999a): 
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Optimization of the parameters was performed by the software PEST (Watermark Numerical 
Computing, 1999) in steps, with measured head values used to calculate objective function 
(the squared sum of weighted residuals). First, the aquifer was considered isotropic and values 
for hydraulic conductivity were determined. The obtained values were applied in the horizon-
tal direction, after which the vertical conductivity was optimized. When K-values were de-
fined, the recharge was determined. The process is described in detail below:  

• The hydraulic conductivities were set so that Kx = Ky = Kz, which means that Ky and 
Kz were tied to Kx for each conductivity zone. K-values were allowed to vary two 
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orders of magnitude in each direction from the initial value, except that the lower limit 
for the Adamantina aquifer was set at K=1·10-8 m/s. Recharge remained fixed during 
the optimization process. Obtained values were then inserted into the model and the 
model was run with these values. 

• Values of Kx and Ky remained fixed at the values obtained during the previous step, 
and Kz was optimized within the interval Kx to 0.1·Kx. Recharge remained fixed. 
Obtained values were then inserted into the model and the model was run with these 
values.  

• All K-values remained fixed at the optimized values and recharge was optimized 
within the interval 100 – 500 mm/year.  

 
The model was afterwards run with the optimized parameters, and if the normalized RMS for 
head values was over 10%, one or more of the following parameters was modified: 

• Drain conductance; 
• Constant head elevation; 
• The number and location of zones with different hydraulic conductivities.  

After these modifications, the parameter optimization process was run again, and this was 
repeated until the normalized RMS was below 10%.  
 
The surface water flows were inserted in the model using the program Zonebudget, incorpo-
rated into Visual MODFLOW. Six zones were assigned to represent drainage basins of 
streams were flow had been measured, see figure 4.5. Due to uncertainties in the surface water 
flow measurements, these values were not used to calculate the objective function during pa-
rameter optimization. However, they were compared to the Zonebudget output values of the 
model run with optimized parameters to check whether the calibrated model gave flow results 
in the same order of magnitude as the measured values. If surface water flows calculated by 
Zonebudget differed distinctively from measured values, hydraulic conductivity values were 
modified within a range that maintained the normalized RMS of head values below 10%.  
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Figure 4.5 Zones for Zonebudget calculations.  
 
The calibrated model output was also qualitatively analysed to see that results were reason-
able. The two main aspects of the qualitative analysis were: 

• Flow directions; 
• Distribution of hydraulic conductivity values of the Adamantina aquifer. 

 
An effort was made to calibrate the model against a set of dynamic head values, when pump-
ing of public wells in Urânia was inserted into the model. The input data for this scenario was 
obtained from SABESP (1979a-e; 1982a; 1991) or estimated were no information was avail-
able. The same calibration criteria and methodology were used.  
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4.3.3 Sensitivity analysis 
 
After calibration, the sensitivity of the model for selected parameters was analysed. Due to 
time constraints, not all influential parameters were analysed in this manner. The following 
parameters were included in the analysis: 

• Horizontal hydraulic conductivity; 
• Vertical hydraulic conductivity; 
• Drain conductance; 
• Rural and urban recharge. 

 
An interval for the sensitivity analysis was set up for each parameter. One parameter was then 
changed within the interval while all other parameters remained fixed at their calibrated value. 
The response of the model for each analysed parameter was afterwards evaluated.  
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5 Results 
 
The resulting conceptual model is first presented, followed by the obtained numerical model. 
Since field work was carried out in order to improve the conceptual model, the field work 
results are given in connection with its presentation. The unprocessed data from field work is 
enclosed in appendices 2 – 6, see table 5.1.  
 
Table 5.1 Where to find results from field work.  
 

Field work Results given in: 
GPS measurements  Appendix 2 
Vertical electrical soundings Appendix 3 
Water level measurements  Appendix 4 
Pumping tests Appendix 5 
Surface water flow measurements Appendix 6 

 

5.1 Conceptual model 
 
Below, the conceptual model developed from previous studies and field data is presented. The 
conceptual model organises the available data and serves as a base for the numerical model. 
However, the conceptual model of the groundwater flow system is modified during model 
calibration. These modifications are presented in section 5.2.2.  

5.1.1 Basic assumptions 
 
In order to simplify the complexities of a real hydrogeologic system, some basic assumptions 
about the study area have to be formed. The following assumptions are made about the model 
area of Urânia: 

• The system is considered to be in steady-state, since previous work (Rossato, 1999) 
showed that water levels vary insignificantly throughout the year; 

• The Adamantina aquifer is assumed to be isotropic in the plane and vertically homo-
geneous; 

• The geological formations of concern are considered horizontal;  
• Since flow measurements of streams were taken during the dry season, all stream 

flows are assumed to be base flows (i.e. discharging groundwater).  

5.1.2 Model area and boundaries 
 
Since the area of concern is the urban area of Urânia, the model area is defined in order to be 
as limited to the urban area as possible. The model area is delimited by streams and no flow-
boundaries attributable to topographic highs. The model area with boundaries is shown in fig-
ure 5.1. The upper boundary of the model domain is the water table. The unfractured basaltic 
rock of the Serra Geral formation is considered to be an impermeable lower boundary for the 
model domain.  
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Figure 5.1 Model domain. The figure represents the whole extent of the model area and the 
shaded area represents inactive zones.  
 
In order to limit the model area, hydraulic boundaries such as water dividers, are used. These, 
however, are no absolute boundaries of the system. Neither can it be assured that the streams 
set as boundaries are in fact strict boundaries to the flow system. Regional boundaries, which 
may be seen as the true boundaries of the system, are Rio Grande in the north, Rio São José 
dos Dourados and Rio Tietê in the south and Rio Paraná in the west (Almodovar, 2000). How-
ever, these rivers are boundaries of an extensive region. 

5.1.3 Recharge 
 
Since no precipitation data from 2001 is available, the average precipitation in Urânia be-
tween 1959 and 1999, 1272 mm/year (SIGRH, 2001), is used to estimate the recharge. Ac-
cording to Bertolo (2001) the groundwater recharge in Urânia is approximately 15% of 
precipitation. Therefore the recharge in rural Urânia is estimated to be 190 mm/year.  
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The recharge in the urban part of Urânia is more difficult to estimate. Since all households 
receive drinking water piped from nearby Jales, the leakage from water supply and waste-
water pipes constitutes extra recharge to the groundwater of Urânia. According to data given 
by Rodrigues Verdelho (2001), this extra recharge can be estimated to 50 mm/year. Since the 
housing density is relatively low in Urânia and not all streets are paved, the decrease in re-
charge due to increased surface runoff is supposed to be minimal. The total recharge in the 
urban area is therefore estimated to 240 mm/year.  

5.1.4 Evapotranspiration 
 
A study of the unsaturated zone in Urânia found that the influence of evapotranspiration is 
limited to a depth several metres above the water table (Bertolo, 2001). Evapotranspiration 
from the saturated zone is therefore not considered in the conceptual model. Evapotrans-
piration from the unsaturated zone is already accounted for in the recharge term.  

5.1.5 Hydrostratigraphic units and aquifer thickness 
 
Two geological formations are considered in the model; the Adamantina aquifer made up of 
sandstone and a layer of fractured basaltic rock underneath. The saturated thickness of the 
Adamantina aquifer in the model area varies between 60 and 120 m. The thickness of the frac-
tured basalt layer on top of unaltered basaltic rock is estimated to be approximately 5 m. A 
profile of the model area is given in figure 5.2.   
 

 
 

Figure 5.2 Schematic profile of the geological formations of concern within the model area.  
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Data from SABESP wells and vertical electrical soundings are used to create a map of the 
elevation of the basaltic rock underneath the Adamantina aquifer in the urban area of Urânia, 
see figure 5.3.  
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Figure 5.3 Elevation of the basaltic rock (Serra Geral formation) in metres above sea level 
underneath the urban area of Urânia. 
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5.1.6 Hydraulic conductivity 
 
The distribution of values for hydraulic conductivity of the Adamantina aquifer is given in 
figure 5.4.  
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Figure 5.4 Measured hydraulic conductivities of the Adamantina aquifer in the urban area of 
Urânia.  
 
As can be seen in figure 5.4, the hydraulic conductivity values seem to be lower in the north-
ern part of the urban area, although they are all roughly in the same order of magnitude. Due 
to uncertainties in determining these values, especially the results obtained by pumping tests, 
it is difficult to outline areas with different hydraulic conductivities within the model area. 
Well borings, however, indicate that the rock has a higher sand content in the south of Urânia 
(Alves Cagnon, 2002). It is thus assumed that the horizontal hydraulic conductivity (Kx = Ky) 
varies gradually from its lowest value in the north of the model area to its highest value in the 
south. It is estimated that the variations are within the interval of 1·10-7 m/s to 1·10-5 m/s, 
which is one order of magnitude in each direction from the average of the measured values, 
1·10-6 m/s. 
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Since no values for the vertical hydraulic conductivity (Kz) are available, it is estimated to be 
between Kx and 0.1Kx. The hydraulic conductivity of the fractured basalt is estimated to 1·10-8 
m/s, two orders of magnitude lower than the average value for the sandstone.  

5.1.7 Water table and circulation of groundwater 
 
The water table is located between 2 and 20 m below the ground surface. The water table map 
in figure 5.5 gives an idea of the groundwater movement of the Adamantina aquifer in the 
urban area. As can be concluded from the map, groundwater generally flows from west to east 
toward the creek. The potentiometric curves are strangely shaped in the south part of the area, 
which can not be explained by the knowledge about the area that is available at present.  
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     (a)              (b) 
 
Figure 5.5 (a) Water table map of the urban area of Urânia (water levels measured in 
September, 2001 used), in metres above sea level. (b) Topographic map of the same area, for 
comparison.  
 
Over the extent of the model area, groundwater is assumed to flow from topographic highs 
towards the streams. No evidence of a deep groundwater flow underneath streams in the 
Adamantina aquifer has been found and therefore, it is assumed that all groundwater drains to 
local streams. This assumption is also supported by geochemical data from deep wells in the 
urban area (Hirata, 2001). 
 
Bertolo (2001) found signs of confinement of the Adamantina aquifer in the vicinity of PP06, 
(see figure in appendix 12) due to the presence of a thin layer of very hard sandstone at ap-
proximately the depth of the water table. It has not been possible to determine the extent of 
this confinement and it has thus been excluded from the conceptual model.  



A numerical groundwater model for Urânia (SP, Brazil) 
 
 
 

 38

5.1.8 Surface water bodies 
 
The streams in the model area are relatively shallow; generally the depth is less than 1 m and 
often below 50 cm. They are assumed to be gaining streams, since all surface flows in the dry 
season must originate from groundwater discharge. The measured flow is between 1290 and 
17 800 m3/day. However, the flow measurements are very uncertain, which is clear from the 
fact that measurements located only a few hundred meters apart may differ very much (in 
some cases as much as 300%). As can be expected, the streams most influenced by waste-
water are the stream that originates in the urban area and the stream into which it discharges. 
However, the wastewater influence is not large enough to have an effect on measured flows.  
 
Other surface water bodies found in the model area are mainly artificial ponds, used for 
aquaculture. They are generally small and no deeper than 3 m.  

5.1.9 Wells 
 
The wells considered in the model are private wells where water levels were measured in 
October/November (considered head observation wells). Most wells in the urban area of 
Urânia are used for water extraction from time to time, mainly for the purpose of watering 
gardens or washing within households. This water extraction is assumed to have a negligible 
effect on water levels and is therefore not considered in the model. However, it is very diffi-
cult to determine the extent of the pumping and it is therefore not possible to verify this as-
sumption.  
 
Wells outside the urban area of Urânia are not considered in the model. This is mainly due to 
lack of data, since these wells may have a significant local effect on water levels. The water 
extracted from these wells is mainly used for irrigation and can thus amount to considerable 
quantities.  

5.1.10 Water budget 
 
Lack of data made calculation of the water budget very difficult and results should therefore 
be used with care. The results are given in table 5.2. For a more detailed description of the 
water budget calculations, see appendix 8.  
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Table 5.2 Results of water budget calculations. 
 

Parameter Value (m3/day) 
Input  
Recharge 9 165 
Artificial recharge 1 121 
Total input 10 286 
  
Output  
Baseflow (gaining streams) 14 760* 
Pumping 0** 
Total output 14 760 
  
Discrepancy 4474 
 43% of input or 

30% of output 
 *Approximate value 
 **Pumping from private wells is not considered.  
 
Results from water balance calculations according to Thorntwaite and Mather (1955) are 
given in appendix 9. The calculations indicate that the assumption that all surface water flows 
are baseflows is correct, since potential evapotranspiration exceeds precipitation from May to 
November. Results from Thorntwaite calculations should be used with caution, however, 
since they can have an error of up to 40% (Hirata, 2001).  

5.2 Numerical model 
 
Below, the resulting numerical model is presented. The section is divided in three parts; data 
input, calibration and sensitivity analysis.  

5.2.1 Input data 
 
The model is in steady-state, which means that no time data has been entered into the model.  
 
The grid consists of 106 columns and 97 rows. The Adamantina aquifer is divided into four 
layers and one layer is used for the fractured basalt, resulting in a total of five layers. The 
model domain with grid is shown in figure 5.6. A cross-section of the model area, showing 
layers, can be seen in figure 5.7.  
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Row 44 

 
Figure 5.6 Model domain with grid. Active area is in white and inactive area is in grey. 
(Numbers represents model coordinates).  
 

 
Figure 5.7 Cross-section of model area (row 44). The vertical scale is exaggerated 10 times in 
relation to the horizontal scale.  
 
The topographic curves interpolated by the model are shown in appendix 15. The interpolated 
top elevation of layer 5 (the interface between sandstone and fractured basalt) is given in the 
same appendix.  
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The streams of the conceptual model are simulated as drain boundaries, since this is the most 
stable way of simulating strictly gaining streams (Hirata, 2002). The location of drain bound-
aries is shown in figure 5.8. Drain elevation is interpolated from measured values of the eleva-
tion of streams, see appendix 7. The drain conductance (Cd) has been estimated to 1.22 
m2/day, a value that has been adjusted during calibration.   
 

 
Figure 5.8 Location of drain boundaries (cells marked with light grey). 
 
The no-flow boundaries in the conceptual model are inserted as no-flow boundaries in all lay-
ers of the numerical model, by inactivating the cells outside the model domain.  
 
Constant head boundaries are located in layers 2 – 5 in cells below drain boundaries, in order 
to get reasonable flow directions. To avoid mathematical problems, constant head boundaries 
are only placed underneath drains that are on the boundary of the model domain, see figure 
5.9. The constant head has first been set to be equal to drain elevation in all layers, but this 
value has been adjusted during model calibration.  
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Figure 5.9 Location of constant head boundaries (cells marked with black).  
 
Two recharge zones are assigned to layer 1 of the model. Recharge 1 = 190 mm/year is as-
signed to the rural area, and recharge 2 = 240 mm/year to the urban area.  
 
At first, the horizontal and the vertical hydraulic conductivity of the Adamantina aquifer were 
set to 1·10-6 m/s and 5·10-7 m/s, respectively, for the entire model domain. The horizontal and 
the vertical hydraulic conductivity of the fractured basalt were set to ·10-8 m/s and 5·10-9 m/s, 
respectively. 
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5.2.2 Calibration 
 
During the calibration process, it became clear that the model area is not homogeneous and 
therefore the sandstone layers (layers 1-4) are divided into seven different hydraulic conduc-
tivity zones. The hydraulic conductivity zones of layers 1-4 (sandstone) in the calibrated mod-
el are illustrated in figure 5.10.  
 

 
Figure 5.10 Hydraulic conductivity zones of the calibrated model. 
 
A comparison between initial and calibrated parameter values is made in table 5.3. When opti-
mized Kz-values are used, the normalized RMS does not decrease and therefore isotropic 
values are used. The PEST-log for parameter optimization is given in appendix 16 – 18.  
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Table 5.3 A comparison between parameter values before and after calibration.  
 

Parameter Initial value Calibrated value 
Kx1 = Ky1 1·10-7 m/s 1·10-6 m/s* 
Kz1 1·10-7 m/s 1·10-6 m/s* 
Kx2 = Ky2 3·10-7 m/s 2·10-6 m/s* 
Kz2 3·10-7 m/s 2·10-6 m/s* 
Kx3 = Ky3 6·10-7 m/s 2.7·10-6 m/s 
Kz3 6·10-7 m/s 2.7·10-6 m/s 
Kx4 = Ky4 1·10-6 m/s 3.8·10-6 m/s 
Kz4 1·10-6 m/s 3.8·10-6 m/s 
Kx5 = Ky5 3·10-6 m/s 1.47·10-5 m/s 
Kz5 3·10-6 m/s 1.47·10-5 m/s* 
Kx6 = Ky6 6·10-6 m/s 1·10-6 m/s* 
Kz6 6·10-6 m/s 1·10-6 m/s* 
Kx7 = Ky7 1·10-5 m/s 7·10-6 m/s* 
Kz7 1·10-5 m/s 7·10-6 m/s* 
Kx8 = Ky8 1·10-8 m/s 3.60·10-9 m/s 
Kz8 1·10-8 m/s 3.60·10-9 m/s* 
Rural recharge 190 mm/year 254.68 mm/year 
Urban recharge 240 mm/year 141.28 mm/year 
Drain conductance** 1.22 m2/day 100 m2/day 
Constant head 
values** 

Drain top elevation Drain top elevation + 5 m 
in layer 1 to drain top 

elevation + 25 m in layer 
5 (linear variation 
between layers) 

  *Value adjusted after PEST-optimization. 
  **Not optimized with PEST. 
 
As can be seen in table 5.3, the distribution of hydraulic conductivity values in the calibrated 
model is in concordance with the assumption that this parameter increases its value from north 
to south, except for values 6 and 7.  
 
The normalized RMS for head values in the calibrated model is 9.56%. Figure 5.11 shows 
calculated head values as a function of observed head values.  
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Figure 5.11 Calculated head values vs. observed head values. 
 
The distribution of residuals is illustrated in figure 5.12.  
 

 
 
Figure 5.12 Residuals histogram for calculated head values.  
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The calculated drain output in Zonebudget is given in table 5.4, along with corresponding 
measured values for comparison. The complete results of Zonebudget calculations are found 
in appendix 19. Calculated values for zone 4-6 are lower than observed values, but are still in 
the right order of magnitude. Since surface flow measurements are highly uncertain, there is 
little use in attempting to adjust the model for flow simulations on a detailed level.  
 
Table 5.4 Calculated drain output in Zonebudget of the calibrated model and corresponding 
measured surface flow. Zone 1 is the default zone and is therefore not used. (For location of 
zones, see figure 4.5.) 
 

Zone Output drains (m3/day) Measured surface flow (m3/day) 
2 6 261 7 812 
3 7 513 1 294* 
4 1 927 3 467 
5 1 322 3 813 
6 1 509 2 375 
7 10 896 10 711 

 *Measured value is most likely too low, since upstream measurement gave 6 771 m3/day.   
 
The direction of the groundwater horizontal flow in layer 1 of the calibrated model is shown 
in figure 5.13. The vertical flow direction is illustrated in figure 5.14. As can be seen in fig-
ures 5.13 and 5.14, the groundwater flows from topographic highs towards drains and up-
wards from layer 5 to drains. This flow pattern is in accord with the conceptual model where 
all groundwater is assumed to drain to local streams. However, the flow directions depend on 
the location and values of constant head boundaries, which are in fact set to get accordance 
with the conceptual model so this should not be seen as a confirmation of the conceptual 
model concerning flow directions.   
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Row 17 

 
Figure 5.13 Groundwater flow directions of layer 1 in calibrated model. Velocity vectors are 
not to scale.  
 

 
 
Figure 5.14 Vertical groundwater flow directions of the calibrated model (row 17 shown, 
location in the plane can be seen in figure 5.13). Velocity vectors are not to scale. The dark 
striped area represents the unsaturated zone. Light grey coloured cells indicate location of 
drain boundaries.  
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The calibrated model has also been run with a pumping scenario (pumping of public wells, 
see section 4.4.2). The input data for the pumping wells is given in appendix 14 and map of 
the location of pumping wells is given in appendix 12. The normalized RMS for the dynamic 
head values of the pumping wells in the calibrated model is 156%. Some modifications con-
cerning boundary conditions and hydraulic conductivity values have been made in an effort to 
calibrate the model for the pumping scenario but no calibrated model has been obtained.   
 
Since the variation in constant head between layers is uncertain, the same optimized parame-
ters have been inserted into a model where constant head is equal to drain elevation + 5 m in 
all layers. The change has no significant effect on static head values and the flows are only 
slightly lower than in the calibrated model. However, the flow directions are affected. In layer 
2-3 the flow is generally upwards towards drains but in layer 3-5 there is no general flow pat-
tern for all cells, the groundwater flows either into or out of the model area or upwards. None-
theless, in most cells the groundwater flows out of the model domain in these layers, see 
figure 5.15. When pumping wells are inserted into this model, the normalized RMS is 153%.  
 

 
 
Figure 5.15 Groundwater flow directions in a cross-section of the model area (row 53 shown) 
when constant head = drain elevation + 5 m in all layers. Velocity vectors are not to scale.  

5.2.3 Sensitivity analysis 
 
Detailed results from the sensitivity analysis are given in appendix 20.  
 
Horizontal hydraulic conductivity has the most significant effect on water levels. For K-
values 1, 7 and 8, however, this effect does not show in normalized RMS-values, since no 
water levels have been measured in these areas. Vertical hydraulic conductivity does not in-
fluence water levels. Drain flows, however, are highly affected both by the horizontal and 
vertical hydraulic conductivities. K-values of layer 5 (fractured basalt; K8) have no effect on 
either water levels or drain flows.  
 
The drain conductance is important for water levels only up to a certain point, higher values 
have no effect. Drain flows are affected in a higher degree by both high and low conductance 
values, but lower values have a greater effect.  
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Rural recharge has a greater influence on water levels and flows than urban recharge. How-
ever, recharge is less significant for model output than hydraulic conductivity. Interesting to 
note is that when the model is run with assumed recharge values (rural recharge = 190 
mm/year and urban recharge = 240 mm/year), normalized RMS is below 10% and flows are 
reasonable from all zones.  
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6 Discussion 
 
Four main topics are discussed below: the conceptual model, the calibrated numerical model, 
the failure to calibrate the model for the pumping scenario, and the purpose of the model.  

6.1 The conceptual model 
 
The conceptual model was founded on limited data, which lead to a simplified model. During 
the calibration of the numerical model it became clear that the conceptual view of the model 
domain was oversimplified and therefore did not adequately represent system behaviour. The 
conceptual model of the study area has thus been modified in the course of this work. The fact 
that the calibration process was very time-consuming and that it was not possible to calibrate 
for the pumping scenario indicate that the conceptual model still is incorrect in some aspects.   
 
The data used in the model, both data from previous studies and data collected in the field, is 
subject to errors, which affects the conceptual model to varying extent: 
 

• Recharge was estimated from values obtained by Bertolo (2001) and average values of 
precipitation (1959 – 1999). Since water levels were measured in 2001 and the 
transport time through the unsaturated zone is approximately three months (Bertolo, 
2001), precipitation data from the first half of 2001 would have been most correct to 
use. This, however, was not available. The value for artificial recharge in urban Urânia 
is also founded on many uncertainties, such as leakage percentage from water supply 
and wastewater pipes which has not been thoroughly investigated; 

 
• The thickness of the Adamantina aquifer and the elevation of the basaltic rock were 

based on 14 well boring profiles and 15 vertical electrical soundings. The electrical 
soundings are sensible to interferences from underground metallic material and power 
cables; 

 
• Values of hydraulic conductivity for the Adamantina aquifer were obtained from well 

performance tests and pumping tests. The well performance tests were performed 
more than 10 years prior to this study and the details of the tests are not described in 
available documents. The tests were performed primarily in order to evaluate well 
properties rather than aquifer properties, and obtained values may be inaccurate. 
Pumping tests were performed in tubular wells where depth and filter location were 
only known approximately. Previously installed pumps were used, and the pumps 
could not be tested in order to make sure that pumped flow was stable for the duration 
of the test; 

 
• Water level measurements are very accurate per se and so are the topography values 

measured by GPS that were used for calculation of head values (they have an error of 
approximately 1 m, see appendix 2.). However, the water levels in the measured wells 
could have been influenced by pumping in nearby wells. There are a high number of 
private wells in use in the urban area of Urânia and they can be located very close to 
one another (see map in appendix 11). It was not possible to control this factor during 
data collection; 
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• Measurements of stream flows were highly uncertain, which can be seen when results 
from nearby measuring points are compared. The uncertainty is mainly due to the con-
ditions in the streams, where vegetation made measuring cross-sections difficult and 
shallow depths complicated the velocity readings. The stream flows were only deter-
mined at one occasion, which definitely is not enough to obtain reliable results. 
Ideally, flows should be measured continuously over an extended period of time. 

 
In order to limit the model domain, hydraulic boundaries such as water dividers are used. This 
type of boundaries is not definite and may cease to be a boundary to the system when stresses 
reach it. This is not the case in this model, but other problems may also be present. It is here 
assumed that the hydrogeologic water dividers coincide with hydraulic boundaries at the sur-
face, which is reasonable to assume for a thick, regional, unconfined aquifer. Nonetheless, 
there is no certain evidence that this is the case, although no evidence against this assumption 
has been found either.  
 
Streams were included as boundaries in the conceptual model and it was assumed that all 
groundwater discharges into them, i.e. that there is no groundwater flow out from or into the 
model area from adjacent basins. The flow pattern has not been investigated, however, and 
apart from geochemical data from one deep well (Hirata, 2001), there is no data that supports 
this assumption. There is no evidence for groundwater flow out of the model area either. 
Water levels were not measured outside the urban area, which means that horizontal ground-
water flow directions for the greater part of the model domain solely can be estimated from 
topography and is not based on field measurements.  
 
The thickness of the Adamantina aquifer has only been thoroughly investigated in the urban 
area of Urânia. The depth to the basaltic rock outside this area is based exclusively on inter-
polations made from a few points outside the model domain. The variations in aquifer thick-
ness outside urban Urânia are thus unknown.  
 
The assumption that the area is homogeneous, i.e. that the hydraulic conductivity does not 
vary within the area have had to be discarded relatively early in the modeling process. The 
very limited data set for hydraulic conductivity is certainly a problem when defining this 
parameter and its variations within the area. Hydraulic conductivity has not been investigated 
out-side the urban area, which adds to the uncertainty of the distribution of this parameter. No 
field values for vertical hydraulic conductivity have been available, which naturally has made 
it hard to estimate this parameter over the model area. No field measured values are available 
for the fractured basalt, neither hydraulic conductivity nor thickness.   
 
The water budget calculated for the conceptual model is not balanced, probably due to uncer-
tainties in flow measurements. Uncertainties in recharge values may also contribute to water 
budget errors. The water budget could be balanced by flow into the model area from adjacent 
basins.  
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6.2 The calibrated numerical model 
 
There are several indications that the calibrated model is realistic: 

• The normalized root mean squared for head values used in calibration is less than 
10%, which means that calculated head values are close to observed head values; 

• Surface water flows are simulated within the right order of magnitude; 
• Groundwater flow directions simulated by the model are reasonable and in concor-

dance with the conceptual model; 
• The distribution of hydraulic conductivity values makes sense in a geological 

perspective.  
 
Nevertheless, there are some uncertainties involved in the calibration: 
 

• As previously discussed, water levels are only measured in the urban area. This means 
that values in hydraulic conductivity outside this area can be changed significantly 
without affecting the calibration criterion for head values. Possible errors in water 
levels due to pumping in nearby private wells also affect the resulting model; 

 
• The incertitude affecting stream flow measurements makes calibration towards flows 

impossible on a detailed level. Therefore, drain conductance cannot be more than 
approximately inserted, and it is impossible to determine spatial variations in this 
parameter; 

 
• The direction of groundwater flow calculated by the calibrated model, both horizon-

tally and vertically, is compared to assumed flow directions to check the result of 
model simulations. Since flow directions are only assumed, there is no certainty that 
this is the correct flow pattern and thus no assurance that the numerical model is cor-
rect. Horizontal groundwater flow, however, is easier to assume than vertical flows 
and it is improbable that groundwater flows in other directions than from topographic 
highs towards streams. Vertically, there is no knowing whether all groundwater dis-
charges into the streams bounding the model area or whether there is an underflow to 
adjacent basins. If the latter flow pattern is the true one, the design of the model will 
have to be changed, primarily concerning boundary conditions; 

 
• The horizontal hydraulic conductivity is assumed to increase from north to south over 

the model domain. There are some field values to ascertain this assumption in the 
urban area of Urânia, but not over the entire model area. In the calibrated model, 
hydraulic conductivity increases from north to south, except for in the very south 
(conductivity zones 6 and 7) where it decreases. This can be explained by a higher 
clay or carbonate content in the sandstone in this area.  

 
Some questions may also be raised concerning the design of the resulting model. In order to 
get reasonable values for surface water flows, either the drain conductance or the constant 
head values in layer 2 have had to be modified. Since neither of these parameters is measured 
in the field, there is no certain way of determining which combination of parameter values 
that most adequately represent system behaviour. It is also impossible to calibrate against flow 
with precision, since flow measurements are very uncertain.  
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The value of drain conductance obtained during calibration seems unrealistically high, since it 
represents a riverbed hydraulic conductivity of around 10-5 m/s. The only way to get reason-
able surface water flows with a significantly lower drain conductance is to raise the constant 
head in layer 2 to 15 m above the drain elevation. This does not seem reasonable in an uncon-
fined aquifer.  
 
There are also other doubts about the constant head boundaries. No specified head boundaries 
are included in the conceptual model, since conceptually no such boundary is known within 
the model domain. They are necessary in the numerical model, however, to get convergence. 
These boundaries have been located in order to obtain reasonable directions of the ground-
water flow and their value has been assigned so that realistic surface water flows are simu-
lated, and flow underneath drain boundaries is upwards in all layers.  Neither their locations 
nor values are based on any field observations. 
 
The optimized values for recharge contradict the conceptual view in that the rural recharge is 
more than 100 mm/year higher than the urban recharge. Artificial sources of recharge gener-
ally increase this parameter in urban areas (Hirata, 2002). This does not call for uneasiness 
about the model correctness, though. If assumed recharge values are inserted into the model 
instead of the optimized ones, the model still complies with calibration criteria.  

6.2.1 Sensitivity analysis 
 
The sensitivity analysis is useful in determining which parameters most influence model 
results. These parameters should be emphasized in future data collection attempting to im-
prove model accuracy. Due to time constraints, not all parameters have been analysed in this 
manner, e.g. constant head and aquifer thickness. Below, the results of the sensitivity analysis 
are discussed: 
 

• Among the parameters analysed, horizontal hydraulic conductivity has the most sig-
nificant effect on water levels. For K-values 1, 7 and 8, however, this effect does not 
show in normalized RMS-values, since no water levels have been measured in these 
areas. Since the groundwater velocity determines the amount of groundwater available 
for discharge, horizontal hydraulic conductivity also has a great effect on drain flows; 

 
• Vertical hydraulic conductivity does not influence water levels, since head observation 

wells are comparatively shallow and thus not greatly influenced by vertical groundw-
ater fluxes. There is no significant upwards flux where head observation wells are lo-
cated either. Drain flows, however, are highly affected by vertical flux, which is due to 
the design of the calibrated model where all groundwater flows into the streams. The 
upwards flow is thus an important part of discharge; 
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• The hydraulic conductivity of the fractured basalt has no effect on either water levels 
or drain flows, neither vertically nor horizontally. This layer is very thin in comparison 
with the sandstone aquifer and the low hydraulic conductivity also contributes to the 
relatively small amount of water stored in this layer. Since this layer consists of frac-
tured medium, it may be incorrect to model it as an equivalent continuous porous me-
dium. As it does not have any effect on results, this error does not influence the model; 

 
• Lowering the drain conductance to more realistic values results in higher water levels 

and lesser drain flows. Higher values of this parameter have no effect on water levels 
and affects drain flows only slightly. When drain conductance is high, other parame-
ters, such as hydraulic conductivity, pose limitations on water levels and the amount of 
water that can be discharged into streams, and drain conductance cease to be 
important; 

 
• Rural recharge have a greater influence on water levels and flows than urban recharge, 

which is what can be expected since the rural area is significantly larger than the urban 
area.  

 
From the previous discussion, it can be concluded that the numerical model has been devel-
oped in the proper direction but it still requires an extensive amount of work to ascertain that 
the groundwater flow system is satisfactorily represented in the model.  

6.3 Numerical model with pumping scenario 
 
The failure to calibrate the model against dynamic head values of the pumping wells indicate 
that there are errors in the conceptual model that are not yet identified. However, these errors 
are of a kind that does not greatly affect the simulated static heads in head observation wells.  
 
The pumping wells are much deeper than the head observation wells, between 66 and 160 m 
compared to 10 – 50 m. Vertical fluxes therefore have a greater importance for the pumping 
wells. Horizontal heterogeneity in hydraulic conductivity values was discovered during the 
calibration of the static model, and it is reasonable to assume vertical homogeneity to some 
extent also. Available well boring profiles are not very detailed, but indicate certain variations 
with depth in the content of clay and carbonates within the sandstone, which may give rise to 
variations in vertical hydraulic conductivity (SABESP, 1979e-f; SABESP, 1982a; SABESP, 
1991). There has been no attempt to insert this into the model, mainly due to lack of time as 
well as data. 
 
Bertolo (2001) found signs of confinement of the sandstone aquifer in the vicinity of PP06, 
one of the pumping wells inserted into the model. This means that localised confined condi-
tions may exist within the model area. Less permeable layers may also be present deeper with-
in the sandstone, thus affecting deep wells such as the pumping wells, but not shallow wells as 
the head observation wells.  
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Deep groundwater flow may occur underneath the streams used as boundary conditions in the 
model. If underflow only takes place in the bottom layers, it will not affect water levels in 
head observation wells, only in the deeper pumping wells. Continued work on the numerical 
model should look at ways to simulate flow underneath the streams and see if it is possible to 
obtain a model calibrated for the pumping scenario also. Preferably, data should be collected 
in the field to get support for these simulations.  
 
The dynamic water levels measured in the pumping wells may not be in steady-state. The 
dynamic levels have been measured during well performance tests where pumping continued 
for 9-24 h. The pumping regime used when the public wells where still in operation was 
pumping for 20 hours every day. It is possible that water levels may be recuperated to some 
extent when pumping stops. To evaluate the effect of this, a transient model should be tried.  

6.4 The model objective  
 
The aim of this modeling study was to gain a better understanding of the groundwater circu-
lation in Urânia. As can be concluded from the previous discussion, there are still many 
doubts remaining about the groundwater flow system in this area. These doubts can only be 
removed through extended data collection coupled with continued development of the numeri-
cal model. There are, however, some aspects of the system that have been better understood 
through the present study. Most importantly, the groundwater circulation in the area is much 
more complex than was previously assumed. Although previous studies indicate that the area 
is homogeneous (e.g. Almodovar, 2000), horizontal heterogeneity has been discovered and 
vertical heterogeneity is most likely present.  
 
Since the objective of the modeling study is the understanding of the groundwater circulation, 
and the future aim is to use the model for analysis of contaminant transport, flow directions 
have been emphasized rather than the amount of available water. Constant head boundaries 
may be problematic if different pumping regimes are to be evaluated, since they represent an 
inexhaustible source of water (Anderson and Woessner, 1992). In the present model, nonethe-
less, they are used to obtain reasonable flow directions, which is more important in this case. 
Given that groundwater flow directions are a crucial aspect of the numerical model, it is clear 
that more data collection is needed to expand the knowledge relating to boundary conditions 
of the model domain.  
 
As stated above, the numerical flow model of Urânia will be used for analysing contaminant 
transport, principally of nitrate, in the future. This means that simulations with the particle 
tracking program MODPATH and solute transport models most likely will be added.  
 
Particle tracking programs use the hydraulic heads obtained by a flow model to calculate the 
velocity of the moving particles, and thus errors in the flow model will affect the accuracy of 
the calculated particle pathlines. However, particle tracking is even more sensitive to errors 
than are hydraulic heads (Evers and Lerner, 1998). Therefore, a model can give good results 
for hydraulic head distribution and still show significant errors in calculated particle pathlines. 
The need for improved comprehension of the studied area is thus even more obvious for parti-
cle tracking analysis. Additional input parameters are needed for particle tracking, such as ef-
fective porosity. Ideally, flowpath information should be obtained in the field to be used as 
calibration target, as performed by e.g. Kim et al. (1999). If capture zones for wells are to be 
made with the numerical model in the future, it is important to have a detailed knowledge of 
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hydraulic parameters for each well. Since the shape and size of capture zones are highly influ-
enced by the hydraulic conductivity, Foster et al. (1997) recommend pumping tests performed 
at each well. Solute transport models have further data requirements, e.g. dispersivity and 
sorption coefficients are needed (Nordqvist, 2001). 
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7 Conclusions 
 
The present modeling study was initiated for the purpose of obtaining a better understanding 
of the groundwater flow system in Urânia. However, its real value has proven to be as stated 
by Nordqvist (2001, p.7): “the models just help to make the lack of knowledge more obvi-
ous”. The following conclusions can be made from results obtained in this study: 
 

• The groundwater flow system in Urânia (SP, Brazil) is more complex than was previ-
ously assumed and more data needs to be collected in order to obtain a thorough 
understanding of the flow system; 

 
• The horizontal hydraulic conductivity of the Adamantina aquifer increases from north 

to south, at least within the urban area of Urânia, but more data is needed to evaluate 
the extent of this variation; 

 
• Recharge variations do not greatly influence the water levels and stream flows; 

 
• The presence of a thin layer of fractured basalt has a negligible effect on groundwater 

circulation within the area; 
 

• Boundary conditions are crucial for the reliability of the model and are not sufficiently 
understood at present; 

 
• Calibration data need to be improved: water levels should be measured outside of the 

urban area of Urânia and the accuracy of stream flow measurements should be 
improved; 

 
• Vertical groundwater movement need to be better understood in order to obtain a 

numerical model calibrated for pumping of public wells; 
 

• The data collection, relating to water level measurements, evaluation of hydraulic con-
ductivity and survey of aquifer thickness should be extended to the rural part of the 
model area;  

 
• If the model should be used for evaluation of contaminant transport in the future, the 

results will not be reliable unless present doubts about the groundwater circulation are 
removed and more precise data is collected.  
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8 Recommendations for future work 
 
The following parameters should be measured in the field:  

• Horizontal hydraulic conductivity, both outside of the urban area and more evenly 
distributed within the urban area; 

• Vertical hydraulic conductivity and vertical heterogeneity; 
• Stream flows, measured over an extended period of time; 
• Hydraulic conductivity of the streambeds in the area, in order to determine drain con-

ductance and its variations over the model area; 
• Water levels in the rural part of the model domain; 
• Specified head boundaries that are represented in the field.  

 
When more field data is collected, it should be used for improvement of the numerical model: 

• Boundary conditions should be modified to better represent field conditions; 
• Calibration should be performed with the more dependable calibration targets; 
• After calibration, an uncertainty analysis should be performed of the model to quantify 

model reliability; 
• When a reliable steady-state model is obtained, a transient model for the pumping sce-

nario should be designed.  
 
When an improved numerical model is obtained, particle tracking should be added and 
capture zones for selected wells within the model domain should be delineated. This requires 
further field work: 

• Measurements of particle pathlines to be used for calibration; 
• Pumping tests at each well selected for delineation of capture zones.  
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Appendix 1: Photos of field work 
 

 
Figure A1.1 GPS measurement of well elevation 
 

 
Figure A1.2 Vertical electrical sounding in performance. 
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Figure A1.3 Measurement of water depth in a hand-dug well. 
 

 
Figure A1.4 Measurement of water depth in a hand-dug well. The garden, which is irrigated 
with water from the well can be seen in the background. 
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Figure A1.5 Water depth measurement in a hand-dug well. 
 

 
Figure A1.6 Pumping test in well PT-23A.  
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Figure A1.7 Well PT-23 (observation well in pumping test 1).  
 

 
Figure A1.8 Well PT-23 (pumping well in pumping test 1).  
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Figure A1.9 Pump in well PT-26 (Pumping Figure A1.10 Stream flow measurement. 
well in pumping test 2). 
 

 
Figure A1.11 Stream flow measurement. The figure clearly illustrates difficulties involved in 
the flow measurements. 
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Appendix 2: Results of GPS measurements 
 
Table A2.1 Well locations 

Point 
West 

coord. North coord. z 

 
Corrected 

z 
Horizontal 
precision 

Vertical 
precision 

PP01 536.65 7761.96 475.99 474.99 0.71 1.07 
PP02 537.02 7761.77 463.28 462.28 0.67 1.13 
PP03 537.09 7761.89 467.37 466.37 0.69 1.25 
PP04 537.35 7761.28 438.10 437.10 0.56 1.07 
PP05 538.16 7761.59 422.81 421.81 0.77 1.10 
PP06 536.55 7761.37 456.08 455.08 0.52 0.93 
PP08 536.03 7762.41 461.17 460.17 0.62 1.35 
PP09 539.26 7763.38 406.57 405.57 0.57 1.07 
PC01 536.73 7761.50 456.74 455.74 0.61 1.04 
PC02 536.90 7761.80 468.51 467.51 0.87 1.32 
PC03 537.22 7761.64 461.94 460.94 0.72 1.25 
PC04 537.23 7761.72 460.29 459.29 0.70 1.24 
PC06 536.66 7761.48 456.62 455.62 0.54 0.96 
PC07 536.94 7761.96 469.42 468.42 0.62 1.14 
PC08 537.31 7761.25 440.19 439.19 0.60 1.23 
PC09 536.76 7761.26 449.82 448.82 0.59 1.16 
PC10 536.88 7760.61 459.93 458.93 0.65 1.32 
PC13 537.41 7761.25 440.11 439.11 0.63 1.25 
PC16 537.42 7761.21 443.36 442.36 0.68 1.29 
PC17 537.60 7761.07 444.32 443.32 0.59 1.06 
PC19 537.14 7760.75 453.23 452.23 0.59 1.17 
PC22 537.58 7760.75 454.90 453.90 0.96 1.17 
PC23 537.22 7760.35 464.20 463.20 0.67 1.24 
PC24 537.15 7760.29 464.81 463.81 0.89 0.89 
PC25 537.05 7760.96 455.11 454.11 0.58 1.09 
PC26 536.81 7760.76 462.69 461.69 0.58 1.09 
PC27 536.84 7760.87 461.33 460.33 0.65 1.23 
PC28 537.25 7760.78 445.16 444.16 0.56 0.97 
PC29 537.65 7761.57 442.55 441.55 0.67 1.04 
PC30 537.79 7761.53 430.63 429.63 0.95 1.62 
PC32 537.83 7761.69 437.50 436.50 0.65 0.96 
PC33 537.66 7761.29 437.88 436.88 0.84 1.95 
PC34 537.06 7760.64 458.93 457.93 0.66 1.08 
PC35 537.12 7760.67 449.79 448.79 0.68 1.24 
PC37 537.47 7760.93 449.09 448.09 0.56 1.12 
PC38 537.52 7760.92 448.94 447.94 0.88 1.34 
PC40 537.29 7760.74 444.03 443.03 0.74 1.19 
PC41 538.30 7761.03 439.56 438.56 0.71 1.03 
PC43 536.55 7761.03 457.20 456.20 0.71 1.14 
PC44 537.66 7761.33 429.16 428.16 0.60 1.09 
PC45 537.19 7760.48 456.81 455.81 0.64 1.03 
PC46 537.97 7761.20 444.25 443.25 0.61 1.00 
PC48 538.85 7761.63 428.38 427.38 0.74 1.31 
PT07 537.81 7761.16 443.52 442.52 0.63 1.05 
PT12 536.75 7760.25 468.39 467.39 0.73 1.19 
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Table A2.1, continued. 

Point 
West 

coord. North coord. z 
Corrected 

z 
Horizontal 
precision 

Vertical 
precision 

PT15 536.95 7760.95 457.72 456.72 0.57 1.02 
PT16 537.27 7760.31 465.19 464.19 0.68 1.17 
PT20 537.01 7761.12 450.77 449.77 0.59 1.12 
PT21 537.17 7761.07 451.22 450.22 0.57 1.06 
PT22 537.05 7760.68 457.79 456.79 0.67 1.07 
PT23 537.46 7760.60 458.62 457.62 0.56 0.99 
PT24 537.33 7761.19 441.93 440.93 0.73 1.17 
PT26 537.69 7761.14 446.14 445.14 0.78 1.35 
PT29 538.08 7762.05 437.02 436.02 0.64 1.24 
Posto 
garção 535.57 7762.69 464.53 463.53 0.59 1.05 

 
Table A2.2 Locations of VES (Vertical Electrical Soundings) 

Point 
West  

coord. North coord. z 
Corrected 

z 
Horizontal 
precision 

Vertical 
precision 

VES01 537.60 7762.04 440.23 439.23 0.59 1.17 
VES02 536.99 7762.20 459.09 458.09 0.59 1.32 
VES03 536.73 7761.05 458.93 457.93 0.55 0.93 
VES04 536.71 7760.58 463.92 462.92 0.64 1.33 
VES05 537.55 7760.58 457.73 456.73 0.59 1.01 
VES06 537.37 7760.40 458.87 457.87 0.75 1.22 
VES07 536.64 7761.77 467.73 466.73 0.72 1.28 
VES08 538.10 7761.15 449.59 448.59 0.95 1.30 
VES09 537.00 7760.41 462.93 461.93 1.00 1.00 
VES10 537.10 7761.56 451.39 450.39 0.66 0.95 
VES11 536.78 7760.74 466.78 465.78 0.61 1.15 
VES12 536.71 7760.58 463.92 462.92 0.64 1.33 
VES13 536.77 7760.04 469.68 468.68 0.71 1.20 
VES14 537.83 7760.39 448.49 447.49 0.78 1.13 
VES15 537.06 7761.52 450.15 449.15 0.69 0.98 
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Table A2.3 Stream locations 

Point 
West 

coord. North coord. z 
Corrected 

z 
Horizontal 
precision 

Vertical 
precision 

r1 538.49 7761.72 418.67 417.67 0.72 1.08 
r2 538.33 7761.69 417.25 416.25 0.70 1.07 
r3 537.50 7761.05 438.57 437.57 0.60 1.13 
r4 537.37 7762.26 448.88 447.88 0.69 1.03 
r5 537.64 7762.19 441.75 440.75 0.71 1.05 
r6 537.60 7762.19 441.42 440.42 0.71 1.06 
r7 537.60 7762.18 438.36 439.36 0.71 1.06 
r8 537.61 7762.21 439.88 438.88 0.71 1.06 
r9 538.99 7762.83 405.19 404.19 0.72 1.76 
r10 537.38 7762.97 448.96 447.96 0.56 1.07 
r11 539.15 7761.20 424.22 423.22 0.54 0.88 
r12 539.00 7761.16 421.47 420.47 0.57 0.99 
r13 538.67 7761.32 420.31 419.31 0.59 1.02 
r14 537.69 7761.41 428.89 427.89 0.67 2.15 
r15 538.61 7759.01 451.43 450.43 0.66 1.35 
r16 537.89 7760.36 445.27 444.27 0.65 1.23 
r17 536.40 7761.13 452.07 451.07 1.75 1.36 
r18 534.91 7761.23 410.12 409.12 0.60 1.09 
r19 535.58 7761.64 429.17 428.17 0.55 0.92 
r20 535.04 7761.94 424.78 423.78 0.80 1.62 
r21 534.85 7761.86 429.90 428.90 0.72 1.25 
r22 534.58 7760.32 400.12 399.12 0.72 1.18 
r23 536.37 7759.21 433.57 432.57 0.62 0.97 
r24 535.08 7758.39 419.31 418.31 0.61 1.09 
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Appendix 3: Results of vertical electrical soundings 
 

Table A3.1 VES01 
AB/2 MN ∆V I ρ 
1.5 1 900 30 188 
2.0 1 760 40 224 
2.5 1 550 40 258 
3.0 1 560 50 308 
4.0 1 217 30 358 
5.0 1 100 20 389 
6.0 1 101 30 378 
8.0 1 53 30 354 
10.0 1 47 50 295 
12.5 1 20.9 50 205 
16.0 1 12.7 100 102 
20.0 1/4 3.0/14.2 100/100 47/44 
25.0 4 4.4 100 21 
30.0 4 3.4 200 12 
40.0 4 1.4 200 8.7 
50.0 4 1.2 300 7.8 
60.0 4 1.4 450 8.8 
80.0 4/10 0.5/1.5 300/300 8.4/10 
100.0 10 1.6 450 11 
125.0 10 1.3 450 14 
160.0 10 0.8 400 16 
200.0 10 0.6 400 19 
250.0 10 0.5 450 22 
300.0 10 0.5 490 29 
400.0 10 0.4 580 34.7 
 

Table A3.2 VES02 
AB/2 MN ∆V I ρ 
1.5 1 1000 20 314 
2.0 1 650 20 382 
2.5 1 470 20 441 
3.0 1 377 20 518 
4.0 1 390 30 643 
5.0 1 290 30 752 
6.0 1 222 30 831 
8.0 1 140 30 933 
10.0 1 94 30 980 
12.5 1 82.5 40 1010 
16.0 1 50 40 1003 
20.0 1 29 40 913 
25.0 1 16.2 40 795 
30.0 1/4 12/44 50/50 678/619 
40.0 4 26.7 80 418 
50.0 4 13 100 255 
60.0 4 10 200 141 
80.0 4 3.2 300 54 
100.0 4 1.3 400 25 
125.0 4 0.6 450 16 
160.0 4/10 0.3/0.7 400/400 15/14 
200.0 10 0.65 580 14.1 
250.0 10 0.5 500 19 
300.0 10 0.4 500 22.6 
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Table A3.3 VES03 
AB/2 MN ∆V I ρ 
1.5 1 1397 20 422 
2.0 1 800 20 471.2 
2.5 1 478 20 449 
3.0 1 398 20 547 
4.0 1 230 20 569 
5.0 1 147 20 572 
6.0 1 110 20 618 
8.0 1 62 20 621 
10.0 1 80 40 627 
12.5 1 51 40 625 
16.0 1 32 40 643 
20.0 1 18 40 565 
25.0 1 7.0 40 343 
30.0 1 6.6 80 233 
40.0 1/4 2.9/11.8 100/100 146/147 
50.0 4 3.9 100 76.5 
60.0 4 1.4 100 39.5 
80.0 4 0.8 250 16.0 
100.0 4/10 0.7/1.3 350 15.7/11.6 
125.0 10 1.2 450 13.1 
 

Table A3.4 VES04 
AB/2 MN ∆V I ρ 
1.5 1 1430 10 898 
2.0 1 866 10 1020 
2.5 1 627 10 1179 
3.0 1 470 10 1293 
4.0 1 280 10 1386 
5.0 1 190 10 1478 
6.0 1 270 20 1516 
8.0 1 146 20 1462 
10.0 1 90 20 1410 
12.5 1 127 40 1556 
16.0 1 82 40 1647 
20.0 1 51 40 1601 
25.0 1 27 40 1324 
30.0 1 21 60 989 
40.0 1 10.7 80 672 
50.0 1 5.4 80 530 
60.0 1/4 2.4/7.9 80/80 339/278 
80.0 4 5.6 200 141 
100.0 4 1.7/3.4 200/400 67 
125.0 4 2.9 400 89 
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Table A3.5 VES05 
AB/2 MN ∆V I ρ 
1.5 1 365 10 230 
2.0 1 226 10 266 
2.5 1 168 10 312 
3.0 1 134 10 368 
4.0 1 99 10 490 
5.0 1 155 20 602 
6.0 1 122 20 685 
8.0 1 83 20 831 
10.0 1 91 30 950 
12.5 1 65 30 1061 
16.0 1 42 30 1124 
20.0 1 23 30 963 
25.0 1 10.6 30 694 
30.0 1 8.5 50 480 
40.0 1/4 3.1/12.2 50 311/305 
50.0 4 2.6 50 102 
60.0 4 2.2 100 31 
80.0 4/10 0.22/0.20 200/200 5.5/2.02 
100.0 10 0.6 200 9.3 
125.0 10 0.3 300 4.9 
 

Table A3.6 VES06 
AB/2 MN ∆V I ρ 
1.5 1 565 20 177 
2.0 1 316 20 186 
2.5 1 213 20 200 
3.0 1 157 20 216 
4.0 1 196 40 243 
5.0 1 144 40 280 
6.0 1 107 40 300 
8.0 1 67 40 335 
10.0 1 46 40 360 
12.5 1 40 50 392 
16.0 1 23 50 369 
20.0 1 29 100 364 
25.0 1 14.5 100 285 
30.0 1 7.5 100 212 
40.0 1 3.2 150 107 
50.0 1/4 1.2/4.1 200/200 47/40 
60.0 4 2.3 250 26 
80.0 4/10 1.2/33 400/400 15/16 
100.0 4/10 0.7/1.9 420/410 13/14.5 
125.0 10 1.1 450 12 
160.0 10 0.9 500 14 
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Table A3.7 VES07 
AB/2 MN ∆V I ρ 
1.5 1 1270 20 399 
2.0 1 733 20 432 
2.5 1 516 20 485 
3.0 1 400 20 550 
4.0 1 246 20 609 
5.0 1 260 30 698 
6.0 1 172 30 644 
8.0 1 119 40 596 
10.0 1 72 40 564 
12.5 1 43 40 523 
16.0 1 48 80 482 
20.0 1 33 80 518 
25.0 1 22 80 539 
30.0 1 12 60 565? 
40.0 1 4.7 100 211 
50.0 1 1.4 100 110 
60.0 1/4 0.6/1.9 100/100 68/54 
80.0 4 1.8 200 45 
100.0 4 1.8 200 70 
125.0 4 0.4 250 20 
160.0 4/10 0.4/1.0 580/580 146/13.8 
 

Table A3.8 VES058 
AB/2 MN ∆V I ρ 
1.5 1 1275 6 1330 
2.0 1 1420 10 1672 
2.5 1 1038 10 1951 
3.0 1 738 10 2030 
4.0 1 870 20 2153 
5.0 1 544 20 2116 
6.0 1 360 20 2021 
8.0 1 200 29 2003 
10.0 1 111 20 1740 
12.5 1 64 20 1568 
16.0 1 62 40 1245 
20.0 1 33 40 1036 
25.0 1 15.7 40 770 
30.0 1 7.2 40 509 
40.0 1 2.5 40 314 
50.0 1/4 1.7/6.9 80/80 166/170 
60.0 4 2.3 80 81 
80.0 4 0.9 150 30 
100.0 4 0.6 200 23.6 
125.0 4/10 0.9/1.0 220/220 22.6/22.3 
160.0 10 0.8 250 25.7 
200.0 10 0.6 250 29.4 
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Table A3.9 VES09 
AB/2 MN ∆V I ρ 
1.5 1 1973 20 620 
2.0 1 1011 20 595 
2.5 1 548 20 515 
3.0 1 496 30 454 
4.0 1 217 30 358 
5.0 1 113 30 293 
6.0 1 71 30 266 
8.0 1 37.5 30 250 
10.0 1 24.2 30 253 
12.5 1 22.1 40 271 
16.0 1 17.8 50 286 
20.0 1 11.5 50 289 
25.0 1 7.8 50 306 
30.0 1 6.0 60 283 
40.0 1 3.4 60 285 
50.0 1/4 2.3/8.2 100/100 181/161 
60.0 4 4.2 100 119 
80.0 4 3.2 200 81 
100.0 4/10 0.7/1.6 300/300 18.3/16.7 
125.0 10 0.7 300 11.4 
160.0 10 0.4 230 14 
200.0 10 0.4 350 14.4 
250.0 10 0.2 220 17.8 
300.0 10 0.1 970 23.2 
 

Table A3.10 VES10 
AB/2 MN ∆V I ρ 
1.5 1 852 10 535 
2.0 1 434 10 511 
2.5 1 654 20 614 
3.0 1 515 20 708 
4.0 1 493 30 813 
5.0 1 322 30 835 
6.0 1 225 30 842 
8.0 1 126 40 631 
10.0 1 60 40 470 
12.5 1 30 40 368 
16.0 1 11 40 221 
20.0 1 8.0 70 144 
25.0 1 2.8 80 68.7 
30.0 1 3.4 70 137 
40.0 1 2.8 80 176 
50.0 1/4 0.2/0.7 200/200 7.8/6.8 
60.0 4 0.4 200 5.6 
80.0 4 0.15 200 3.8 
100.0 4 0.3 350 6.7 
125.0 4 0.2 250 0.8 
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Table A3.11 VES11 
AB/2 MN ∆V I ρ 
1.5 1 1530 10 960 
2.0 1 1780 20 1048 
2.5 1 1247 20 1172 
3.0 1 905 20 1244 
4.0 1 879 30 1442 
5.0 1 597 30 1548 
6.0 1 396 30 1482 
8.0 1 204 30 1362 
10.0 1 119 30 1243 
12.5 1 120 50 1176 
16.0 1 64 50 1028 
20.0 1 36 50 904 
25.0 1 19.5 50 765 
30.0 1 10.9 50 616 
40.0 1 5.0 80 314 
50.0 1 1.9 100 149 
60.0 1/4 1.3/4.4 200/200 73.5/62.1 
80.0 4 1.3 300 21.8 
100.0 4 0.8 350 18.0 
125.0 4/10 0.4/0.8 300/300 16.4/13.1 
160.0 10 0.3 400 6.0 
 

Table A3.12 VES12 
AB/2 MN ∆V I ρ 
1.5 1 1000 10 628 
2.0 1 570 10 671 
2.5 1 800 20 752 
3.0 1 580 20 798 
4.0 1 390 20 965 
5.0 1 280 20 1090 
6.0 1 312 30 1168 
8.0 1 232 40 1162 
10.0 1 160 40 1254 
12.5 1 118 40 1446 
16.0 1 72 40 1446 
20.0 1 34 40 1067 
25.0 1 15 40 737 
30.0 1 4.9/10.5 40/80 346/370 
40.0 1/4 2.4/10.2 80/80 151/160 
50.0 4 12 300 78.5 
60.0 4 2.9 200 41.0 
80.0 4 1.2 250 24.1 
100.0 4/10 0.8/2.4 300/300 21 
125.0 10 2.3 440 25.6 
160.0 10 1.6/1.7 380 33.8/36 
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Table A3.13 VES13 
AB/2 MN ∆V I ρ 
1.5 1 944 20 296 
2.0 1 560 20 330 
2.5 1 392 20 368 
3.0 1 430 30 394 
4.0 1 262 30 432 
5.0 1 172 30 446 
6.0 1 291 80 408 
8.0 1 172 80 431 
10.0 1 108 80 423 
12.5 1 64 80 392 
16.0 1 40 100 321 
20.0 1 18 100 226 
25.0 1 5.6 80 137.4 
30.0 1 3.6 100 102 
40.0 1 1.6 200 40 
50.0 1/4 2.0/3.8 474 26.7/15.8 
60.0 4 0.9 200 12.7 
  

Table A3.14 VES14 
AB/2 MN ∆V I ρ 
1.5 1 326 20 102 
2.0 1 190 20 112 
2.5 1 220 30 138 
3.0 1 228 40 157 
4.0 1 156 40 193 
5.0 1 170 60 220 
6.0 1 167 80 234 
8.0 1 90 80 225 
10.0 1 39 60 204 
12.5 1 37 100 181 
16.0 1 15.6 100 125 
20.0 1 12.1 200 76 
25.0 1 4.9 200 48 
30.0 1 3.9 350 31.5 
40.0 1/4 1.474.8 350 20.1/17.2 
50.0 4 2.0 300 13.0 
60.0 4 2.0 450 12.5 
80.0 4 1.3 500 13.0 
100.0 4/10 0.8/1.8 450 14.0/12.5 
125.0 10 1.1 400 13.5 
160.0 10 1.0 480 16.7 
200.0 10 0.6 390 19.3 
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Table A3.15 VES15 
AB/2 MN ∆V I ρ 
1.5 1 1960 30 410 
2.0 1 1215 30 477 
2.5 1 860 30 539 
3.0 1 655 30 601 
4.0 1 406 30 670 
5.0 1 263 30 682 
6.0 1 190 30 711 
8.0 1 93 30 621 
10.0 1 106 60 553 
12.5 1 66 60 540 
16.0 1 22.7 50 364 
20.0 1 10.3 50 259 
25.0 1 13.8 200 135 
30.0 1 5.5 200 77.7 
40.0 1 2.2 400 27.6 
50.0 1/4 0.5/2.2 350 11.2/12.3 
60.0 4 1.2 350 9.6 
80.0 4 0.6 350 8.6 
100.0 4 0.5 400 9.8 
125.0 4 0.5 520 11.8 
160.0 4/10 0.3/0.7 420 14.3/13.4 
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Appendix 4: Results of water level measurements 
 
Table A4.1 September campaign.  
Well Date Water level (m) z (m)* Head (m) 
PC-02 2001-09-26 14.49 467.51 453.02 
PC-06 2001-09-26 11.89 455.62 443.73 
PC-09 2001-09-26 6.97 448.82 441.85 
PC-10 2001-09-26 15.87 458.93 443.06 
PC-22 2001-09-26 11.32 453.90 442.58 
PC-24 2001-09-26 17.02 463.81 446.79 
PC-25 2001-09-26 13.14 454.11 440.97 
PC-26 2001-09-26 18.48 461.69 443.21 
PC-27 2001-09-26 17.15 460.33 443.18 
PC-28 2001-09-26 6.41 444.16 437.75 
PC-29 2001-09-26 8.15 441.55 433.40 
PC-32 2001-09-26 7.76 436.50 428.74 
PC-34 2001-09-26 11.80 457.93 446.13 
PC-35 2001-09-26 10.57 448.79 438.23 
PC-38 2001-09-26 6.97 447.94 440.97 
PC-40 2001-09-26 7.22 443.03 435.81 
PC-44 2001-09-26 1.93 428.16 426.23 
PC-45 2001-09-26 13.63 455.81 442.18 
PC-101 2001-09-26 11.38 455.08 443.70 
PT-19 2001-09-26 3.94 446.25** 442.31 

*Taken from GPS measurements. 
**Taken from topographic map.  
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Table A4.2 October/November campaign 
 Well Date  Water level (m) z (m)* Head (m) 
PC-02 2001-11-07 14.67 467.51 452.84 
PC-04 2001-11-06 16.00 459.29 443.29 
PC-06 2001-10-31 12.05 454.62 442.57 
PC-07 2001-10-31 14.76 467.42 452.66 
PC-08 2001-10-30 3.65 439.19 435.54 
PC-09 2001-10-29 7.10 448.82 441.73 
PC-10 2001-10-29 15.99 458.93 442.94 
PC-13 2001-10-30 4.20 439.11 434.91 
PC-16 2001-10-29 6.55 442.36 435.81 
PC-17 2001-10-30 6.86 443.32 436.46 
PC-22 2001-10-29 11.41 453.90 442.49 
PC-23 2001-10-29 15.78 463.20 447.42 
PC-24 2001-10-29 17.27 463.81 446.54 
PC-25 2001-10-29 13.17 454.11 440.94 
PC-26 2001-10-29 18.90 461.69 442.79 
PC-27 2001-10-29 17.16 460.33 443.17 
PC-30 2001-10-30 6.60 429.63 423.03 
PC-32 2001-10-30 7.85 436.50 428.65 
PC-34 2001-10-30 11.80 457.93 446.13 
PC-35 2001-10-30 10.68 448.79 438.11 
PC-37 2001-10-30 4.98 448.09 443.11 
PC-40 2001-10-29 7.35 443.03 435.68 
PC-43 2001-10-30 15.58 456.20 440.62 
PC-44 2001-10-29 2.12 428.16 426.05 
PC-45 2001-10-29 13.80 455.81 442.01 
PC-48 2001-11-07 11.45 427.38 415.93 
PC-101 2001-11-06 >11,65** 455.08   
PT-19 2001-10-29 3.98 446.25 442.27 
PT-21 2001-10-29 10.19 450.22 440.03 
PT-23 2001-10-31 13.28 457.62 444.35 
PT-23A 2001-10-31 13.27 457.62 444.35 
PT-24 2001-10-29 6.22 440.93 434.71 
PT-26 2001-10-30 10.29 445.14 434.85 
PP-06 2001-11-06 19.29 455.08 435.79 

*Taken from GPS measurements. 
**Dry well 
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Appendix 5: Pumping test protocols 
 
Pumping test nr 1, pumping well 
Date 2001-10-31 Static water level (m) 13.28 
Well PT-23a Q (m3/h)  5.34 
z (m)  Observation well 1 PT-23 
  Observation well 2 - 
     
 Elapsed time   Water level (m) Drawdown (m) 
Time Min Hours Pumping well Pumping well 
5.20 1   13.48 0.20 
 2   13.46 0.18 
 3   17.04 3.76 
 4   18.23 4.95 
 5   18.79 5.51 
 6   19.47 6.19 
 7   19.62 6.34 
 8   20.39 7.11 
 9   20.83 7.55 
 10   21.21 7.93 
 15   22.55 9.27 
 20   23.17 9.89 
 25   23.57 10.29 
 30   22.73 9.45 
 35   22.36 9.08 
 40   22.37 9.09 
 45   22.42 9.14 
 50   22.49 9.21 
 55   22.52 9.24 
 60 1 22.58 9.30 
 70   22.66 9.38 
 80   22.73 9.45 
 90   22.80 9.52 
 100   22.97 9.69 
 110   22.99 9.71 
 120 2 26.57 13.29 
 150   25.77 12.49 
 180 3 26.09 12.81 
 210   26.29 13.01 
 240 4 26.40 13.12 
 270   26.47 13.19 
 300 5 26.58 13.30 
 360 6 27.07 13.79 
 420 7 27.17 13.89 
 480 8 26.34 13.06 
 540 9 27.02 13.74 
 600 10 27.14 13.86 
 660 11 27.25 13.97 
 720 12 27.32 14.04 
 780 13 27.32 14.04 
  900 15     
  960 16     
  1020 17     
24.00 1120   27.32 14.04 
1.05 1185   27.32 14.04 
1.58 1238   27.32 14.04 



Appendix 5 
 

 

 A5-2

Pumping test nr 1, observation well  
Date 2001-10-31 Static water level (m) 13.28 
Well PT-23a Q (m3/h)  5.34 
z (m)  Observation well 1 PT-23 
  Observation well 2 - 
     
 Elapsed time   Water level (m) Drawdown (m) 
Time Min Hours Observation well Observation well 
5.20 1   13.29 0.02 
  2   13.29 0.02 
  3   13.32 0.05 
  4   13.46 0.19 
  5   13.57 0.30 
  6   13.77 0.50 
  7   13.85 0.58 
  8   13.95 0.68 
  9   14.07 0.80 
  10   14.17 0.90 
  15   14.56 1.29 
 20   14.81 1.54 
 25   14.99 1.72 
 30   15.08 1.81 
 35   15.07 1.80 
 40   15.10 1.83 
 45   15.14 1.87 
 50   15.18 1.91 
 55   15.23 1.96 
 60 1 15.26 1.99 
 70   15.32 2.05 
 80   15.37 2.10 
 90   15.42 2.15 
 100   15.47 2.20 
 110   15.51 2.24 
 120 2 15.17 1.90 
 150   15.91 2.64 
 180 3 16.06 2.79 
 210   16.15 2.88 
 240 4 16.22 2.95 
 270   16.27 3.00 
 300 5 16.30 3.03 
 360 6 16.42 3.15 
 420 7 16.47 3.20 
 480 8 16.37 3.10 
 540 9 16.50 3.23 
 600 10 16.54 3.27 
 660 11 16.58 3.31 
17.43 720 12 16.61 3.34 
 780 13 16.64 3.37 
 840 14 16.68 3.41 
  900 15   
  960 16 16.73 3.46 
  1020 17   
24.00 1120   16.82 3.55 
1.05 1185   16.83 3.56 
1.58 1238   16.84 3.57 
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Recovery test 1, pumping well 
Date 2001-11-01 Static water level (m) 13.28 
Well PT-23a Water level when pumping stopped (m) 27.32  
z (m)  Observation well 1 PT-23 
Duration of pumping 20 h 47 min  
     
 Elapsed time   Water level (m) Drawdown (m) 
Time Min Hours Pumping well Pumping well 
2.08 1   21.13 7.85 
 2   19.39 6.11 
 3   18.37 5.09 
 4   17.53 4.25 
 5   16.95 3.67 
 6   16.56 3.28 
 7   16.21 2.93 
 8   15.99 2.71 
 9   15.83 2.55 
 10   15.71 2.43 
 15   15.40 2.12 
 20   15.26 1.98 
 25   15.16 1.88 
 30   15.10 1.82 
 35   15.05 1.77 
 40   14.99 1.71 
 45   14.96 1.68 
 50   14.93 1.65 
 55   14.89 1.61 
 60 1 14.87 1.59 
 70   14.82 1.54 
 80   14.78 1.50 
 90   14.75 1.47 
 100   14.70 1.42 
 110   14.66 1.38 
 120 2 14.65 1.37 
 150   14.58 1.30 
 180 3 14.49 1.21 
 210   14.46 1.18 
 240 4 14.45 1.17 
 270   14.37 1.09 
 300 5 14.34 1.06 
 360 6 14.27 0.99 
 420 7 14.19 0.91 
 480 8 14.13 0.85 
 540 9 14.05 0.77 
 600 10 13.98 0.70 
 660 11 13.89 0.61 
 720 12 13.82 0.54 
 780 13 13.78 0.50 
 840 14 13.73 0.45 
  900 15 13.69 0.41 
  960 16 13.67 0.39 
  1020 17   
  1080 18   
  1140 19   
22.02 1200 20 13.59 0.31 
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Recovery test 1, observation well 
Date 2001-11-01 Static water level (m) 13.28 
Well PT-23a Water level when pumping stopped (m) 16.89  
z (m)  Observation well 1 PT-23 
Duration of pumping 20 h 47 min  
     
 Elapsed time   Water level (m) Drawdown (m) 
Time Min Hours Observation well Observation well 
2.08 1   16.80 3.53 
 2   16.62 3.35 
 3   16.44 3.17 
 4   16.25 2.98 
 5   16.10 2.83 
 6   15.96 2.69 
 7   15.84 2.57 
 8   15.73 2.46 
 9   15.64 2.37 
 10   15.55 2.28 
 15   15.31 2.04 
 20   15.16 1.89 
 25   15.05 1.78 
 30   14.98 1.71 
 35   14.91 1.64 
 40   14.87 1.60 
 45   14.81 1.54 
 50   14.78 1.51 
 55   14.74 1.47 
 60 1 14.71 1.44 
 70   14.68 1.41 
 80   14.63 1.36 
 90   14.59 1.32 
 100   14.56 1.29 
 110   14.53 1.26 
 120 2 14.50 1.23 
 150   14.45 1.18 
 180 3 14.39 1.12 
 210   14.34 1.07 
 240 4 14.31 1.04 
 270   14.25 0.98 
 300 5 14.22 0.95 
 360 6 14.14 0.87 
 420 7 14.09 0.82 
 480 8 14.05 0.78 
 540 9 14.00 0.73 
 600 10 13.94 0.67 
 660 11 13.87 0.60 
 720 12 13.82 0.55 
 780 13 13.79 0.52 
 840 14 13.73 0.46 
  900 15 13.70 0.43 
  960 16 13.68 0.41 
  1020 17     
  1080 18     
  1140 19     
22.05 1200 20 13.63 0.36 
  1260 21     
  1320 22     
  1380 23     
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Pumping test 2 
Date 2001-10-31 Static water level (m) 12.24 
Well PT-26 Q (m3/h)  1.11 
z (m) 445.14 Observation well 1 n.a. 
  Observation well 2 n.a. 
     
 Elapsed time   Water level (m) Drawdown (m) 
Time Min Hours Pumping well Pumping well 
10.46 1   14.00 1.76 
 2   14.46 2.22 
 3   14.65 2.41 
 4   14.78 2.54 
 5   14.88 2.64 
 6   14.97 2.73 
 7   15.03 2.79 
 8   15.06 2.82 
 9   15.10 2.86 
 10   15.14 2.90 
 15   15.25 3.01 
  20       
28 min 25   15.36 3.12 
  30   15.38 3.14 
  35   15.42 3.18 
  40   15.41 3.17 
  45   15.43 3.19 
53 min 50   15.39 3.15 
  55   15.49 3.25 
11.49 60 1 15.49 3.25 
  70   15.49 3.25 
 80   15.50 3.26 
 90   15.53 3.29 
 100   15.55 3.31 
 110   15.56 3.32 
 120 2 15.58 3.34 
 150   15.61 3.37 
 180 3 15.63 3.39 
 210   15.65 3.41 
 240 4 15.66 3.42 
 270   15.67 3.43 
  300 5 15.67 3.43 
  360 6 15.68 3.44 
  420 7 15.70 3.46 
  480 8 15.72 3.48 
  540 9 15.73 3.49 
10 h 15 m 600 10 15.77 3.53 
11 h 9 m 660 11 15.78 3.54 
0.33 720 12 15.79 3.55 
  780 13     
  840 14     
  900 15     
  960 16     
  1020 17     
4.30 1080 18 15.80 3.56 
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Recovery test 2 
Date 2001-11-01 Static water level (m) 12.24 
Well PT-26 Water level when pumping stopped (m) 15.80 
z (m)  Time when pumping stopped 4.36 
Duration of pumping 17 h 51 min  
     
 Elapsed time   Water level (m) Drawdown (m) 
Time Min Hours Pumping well Pumping well 
1 min 40 s 1   14.21 1.97 
 2   13.85 1.61 
 3   13.41 1.17 
 4   13.23 0.98 
 5   13.12 0.88 
 6   13.05 0.81 
 7   13.00 0.76 
 8   12.97 0.73 
 9   12.93 0.69 
 10   12.90 0.65 
 15   12.79 0.55 
 20   12.72 0.48 
 25   12.67 0.43 
 30   12.64 0.40 
 35   12.61 0.37 
 40   12.58 0.34 
 45   12.56 0.32 
 50   12.54 0.30 
 55   12.53 0.29 
 60 1 12.52 0.28 
 70   12.49 0.25 
 80   12.47 0.23 
 90   12.45 0.21 
 100   12.43 0.19 
 110   12.42 0.18 
 120 2 12.41 0.17 
 150   12.38 0.14 
 180 3 12.36 0.12 
 210   12.34 0.10 
 240 4 12.33 0.09 
 270   12.32 0.07 
 300 5     
 360 6 12.29 0.05 
 420 7 12.28 0.04 
 480 8 12.25 0.01 
 540 9 12.24 -0.01 
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Appendix 6: Results of surface water measurements 
 

  Table A6.1 Topographic measurements of streams 

Point 
West 

coord. 
North 
coord. 

Measured 
z (m) 

Measurement 
distance to 

water surface 
(m) 

z water 
surface 

(m) 
Depth 

(m) 

 
z bottom 
elevation 

(m) 

 
 
 

Comment 
r1 538.49 7761.72 418.67 2.00 416.67 0.20 416.47  
r2 538.33 7761.69 417.25 1.00 416.25 0.10 416.15  
r3 537.50 7761.05 438.57 4.39 434.18 0.90 433.28  
r4 537.37 7762.26 448.88 2.67 446.21 0.30 445.91  

r5 537.64 7762.19 441.75 1.50 440.25 1.50 438.75 
Artifical lagoon  

30*35  m2 

r6 537.60 7762.19 441.42 1.50 439.92 1.50 438.42 
Artifical lagoon  

30*10  m2 
r7 537.60 7762.18 438.36 1.50 436.86 1.50 

435.36 

Artifical lagoon 
30*10  m2, there is 
an artificial lagoon 

1.0 m below r7 
(10*10 m2) 

r8 537.61 7762.21 439.88 1.50 438.38 1.50 436.88 
Artifical lagoon  

30*10  m2 
r9 538.99 7762.83 405.19 1.75 403.44 0.30 403.14  
r10 537.38 7762.97 448.96 1.00 447.96 0.03 447.93  
r11 539.15 7761.20 424.22 2.98 421.24 3.00 418.24 Artificial lagoon 
r12 539.00 7761.16 421.47 1.00 420.47  420.47 Artificial lagoon 
r13 538.68* 7761.43* 420.31 1.00 419.31 0.40 418.91  
r14 537.69 7761.41 428.89 3.00 425.89 0.45 425.44  
r15 538.61 7759.01 451.43 1.00 450.43 0.05 450.38  
r16 537.89 7760.36 445.27 1.55 443.72 0.90 442.82  
r17 536.40 7761.13 452.07 2.80 449.27 0.05 449.22  
r18 534.91 7761.23 410.12 2.00 408.12 0.40 407.72  
r19 535.58 7761.64 429.17 1.00 428.17 0.05 428.12 Not used in model 
r20 535.04 7761.94 424.78 1.00 423.78 0.05 423.73  
r21 534.85 7761.86 429.90 2.45 427.45 0.74 426.71  
r22 534.58 7760.32 400.12 3.70 396.42 0.40 396.02  
r23 536.37 7759.21 433.57 1.00 432.57 0.10 432.47  
r24 535.08 7758.39 419.31 1.00 418.31 0.50 417.81  
* 533.69* 7759.29* 391.00* 0.00 391.00 0.50 390.50  
*Taken from topographic map (IGGSP, 1966a-b) 
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  Table A6.2 Stream flow measurements 
 
 
Point Date  

Cross-
section 

area (m2) 
RPM 

1 
RPM 

2 
RPM 

3 
Velocity 

(m/s) 
Flow 

(m3/s) 

Corr. 
flow 

(m3/s) 

Flow 
(m3/ 
day) 

E.C. 
(µS/ 
cm) 

1a 2001-09-24 0,32 9,5 12 11 0,7943 0,2579 0,2450 16713  
1b 2001-09-24 0,09 14,6 13 13 0,8246 0,0727 0,0690 4709  
2a 2001-09-24 0,15 5,25 5,7 4,5 0,7307 0,1092 0,1037 7076  
2b 2001-09-24 0,18 5,5 5,75 5 0,7337 0,1319 0,1253 8548  
3 2001-09-25 0,39 3,5 4,25 2 0,7094 0,2742 0,2605 17769  
4 2001-09-25 0,06 5 5 7 0,7365 0,0420 0,0399 2718  
5a 2001-09-27 0,10 7 8 10 0,7663 0,0798 0,0758 5172  
5b 2001-09-27 0,03 26 23 22 0,9381 0,0272 0,0258 1763  
6a 2001-09-27 0,07 17 17 16,5 0,8615 0,0588 0,0559 3813 248 
6b 2001-09-27 0,35 4,25 4,5 4 0,7206 0,2500 0,2375 16203  
7 2001-09-27 0,02 19 18,5 20 0,8877 0,0200 0,0190 1294  
8a 2001-09-27 0,09 23 27 30,5 0,9735 0,0915 0,0869 5930  
8b 2001-09-27 0,13 24 22,5 21 0,9250 0,1175 0,1116 7612  
9a 2001-09-27 0,18 60 57 55 1,3151 0,2432 0,2310 15757 247 
9b 2001-09-27 0,17 34 33 31 1,0389 0,1765 0,1676 11434  

10a 2001-09-28 0,06 4,875 4,5 4,75 0,7257 0,0407 0,0387 2639 159,5
10b 2001-09-28 0,04 21,75 22 23,5 0,9241 0,0326 0,0309 2111  
11a 2001-09-28 0,04 10 7 8 0,7663 0,0308 0,0293 1996 111,9
11b 2001-09-28 0,05 17,5 12,5 11 0,8261 0,0383 0,0364 2482  
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Appendix 7: Results of AquiferTest analysis 
 
Table A7.1 Results from pumping and recovery test analysis with AquiferTest version 2.5 
(Waterloo Hydrogeologic, Inc., 1998). PT-23a: b = 98.72 m. PT-26: b = 107.71 m.  
 
Method Test T (m2/s) K (m/s) S Sy

Pumping PT-23a
Not possible to analyse

Recovery PT-23a
Thies-Jacob recovery 3,05E-04 3,09E-06
Hvorslev 5,18E-09
Bouwer-Rice 3,39E-09

Pumping PT-23
Cooper-Jacobs 2,20E-04 2,23E-06
Thies 1,66E-04 1,68E-06
Neuman 7,08E-03 7,17E-05 2,38E-03 2,38E+01
Moench 2,64E-04 2,67E-06

Recovery PT-23
Thies-Jacob recovery 3,11E-04 3,15E-06

Pumping PT-26
Cooper-Jacobs Curve-fitting not possible
Thies Curve-fitting not possible
Neuman 9,20E-04 8,54E-06 5,20E-02 5,20E+02
Moench

Recovery PT-26
Thies-Jacob recovery 1,54E-06 1,43E-06
Hvorslev 2,15E-08
Bouwer-Rice 1,46E-08  
 
PT-23: Average value from Thies-Jacob recovery, Cooper-Jacobs, Thies and Moench 
methods used.  
 
PT-26: Thies-Jacob recovery value used.  
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Appendix 8: Water budget calculations 
 
The basic water budget equation is stated as (Domenico and Schwartz, 1998): 
 
Input – Output = Change in storage 
 
Since the water budget is calculated for steady-state, there is no change in storage, and thus: 
 
Input – Output = 0 
 
The input parameters are: 

• Recharge 
• Artificial recharge 
• Other imported water 

 
The output parameters are: 

• Pumping 
• Baseflow 

 
The area of the model domain is approximated to 17.55 km2. 
 
Recharge is estimated to 190 mm/year (see section 5.2.3). The recharge term in the water 
budget is calculated as follows: 
 
 Recharge ⋅ Area = 190⋅17.55⋅106/365 m3/h ≈ 9165 m3/day 
 
Artificial recharge is assumed to 46.7 m3/h according to data from Rodrigues Verdelho 
(2001): 
 
 Artificial recharge = 46.7 m3/h = 1121 m3/day 
 
Pumping is assumed to be negligible since public wells are not in use and the quantity of 
water extracted from private wells can be assumed to be small.  
 
The measured stream flows are assumed to be baseflows. Since these values are not very 
accurate, baseflows out of the model area have been calculated only approximately. The 
baseflow out of the model domain is calculated as: 
 

Baseflow ≈ value of measurement 1b + average value of measurements 2a and 
2b + average value of measurement 11a and 11b = 4709 m3/day + 7812 m3/day 
+ 2239 m3/day = 14760 m3/day 
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Appendix 9: Water balance according to Thorntwaite and 
Mather (1955) 

 
Location: Urânia Maximum storage capacity: 300 mm (Bertolo, 2002) 
 
Latitude: 20°15’ Longitude: 50°38’ Altitude: 450 m  
 
Source of precipitation data: B7-006 (SIGRH, 2001)  
Source of temperature data: Araçatuba (DAEE, 1976) 
 
Table A9.1 Results of calculations according to Thorntwaite and Mather (1955). 
Month Temp. 

(°C) 
EP (mm) P (mm) P – EP (mm) Neg. acc. 

(mm) 
Storage 
(mm) 

Jan 27.5 172 267 95 0 300 
Feb 25.0 116 203 87 0 300 
Mar 24.5 115 156 41 0 300 
Apr 23.0 89 113 24 0 300 
May 21.0 68 49 -19 -19 281 
Jun 19.5 53 39 -14 -33 269 
Jul 19.0 51 6 -45 -78 231 
Aug 20.5 66 13 -53 -131 194 
Sep 22.5 86 79 -7 -139 189 
Oct 24.0 111 107 -4 -143 186 
Nov 24.5 119 95 -24 -167 172 
Dec 26.5 156 190 34 -113 206 
       
Year 23.1 1202 1317 115   
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Figure A9.1 Potential evapotranspiration and precipitation as function of the month of the 
year. 
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Appendix 10: Data of public wells in Urânia 
 
Table A10.1 Data of public wells. 
Well nr x coord. y coord. z (m) Depth to 

basalt 
z basalt 
(m) 

Static 
water 

depth (m) 

Dynamic 
water 

depth (m) 
PP01 536.65 7761.96 475 160 315 40 100.72 
PP02 537.02 7761.77 462 155 307 50 84.95 
PP03 537.09 7761.89 466 150 316 32 93.20 
PP04 537.35 7761.28 437 102.6 334.4 24.27 73.8 
PP05 538.16 7761.59 422 66 356 4.56 61.0 
PP06 536.55 7761.37 455 117 338 10.2 95.96 
PP08 536.03 7762.41 460 138 322 7.73 96.17 

 
Table A10.2 Transmissivity, hydraulic conductivity and pumping data of public wells in 
Urânia. 
Well nr T (m2/d) m (m) K (m/d) K (m/s) Max. Q 

(m3/h) 
Max. Q 
(m3/d)* 

Q/s 

PP01 4.2 120 0.035000 4.05 E-7 8 160 0.13 
PP02 6.31 105 0.060095 6.96 E-7 15 300 0.42 
PP03 8.71 118 0.073814 8.54 E-7 8 160 0.13 
PP04 n/a 78.33 n/a n/a 18 360 0.41 
PP05 n/a 61.44 n/a n/a 13.6 272 0.24 
PP06 13.03 106.8 0.122004 1.41 E-6 16 320 0.19 
PP08 7.73 114.63 0.067434 7.80 E-7 7 140 0.08 

n/a = not available  
 
Table A10.3 References 
Well nr Reference 
PP01 SABESP, 1979a 
PP02 SABESP, 1979b 
PP03 SABESP, 1979c 
PP04 SABESP, 1979d 
PP05 SABESP, 1979e 
PP06 SABESP, 1982a 
PP08 SABESP, 1991 

 



Appendix 11 
 

 

 A11-1

Appendix 11: Location of private wells in urban Urânia 
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Figure A11.1 Map of private wells in urban Urânia. PC indicate hand-dug wells and PT 
indicate tubular wells.
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Appendix 12: Location of public wells in urban Urânia 
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Figure A12.1 Map of public wells in urban Urânia.
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Appendix 13: Input data for head observation wells 
 

Table A13.1 Head observation wells input data.  
Well Model coord. 

x 
Model coord. 

y 
Observation point 

elevation (m) 
Head (m) 

PC02 2891.2337 3555.3406 436 452.84 
PC04 3244.6400 3504.7293 436 443.29 
PC06 2659.6467 3221.2307 434 442.57 
PC07 2918.3506 3699.0673 436 452.66 
PC08 3317.2742 3041.8679 430 435.54 
PC09 2764.5140 2988.7420 434 441.73 
PC10 2866.7422 2412.8426 434 442.94 
PC13 3466.6418 3044.5088 430 434.91 
PC16 3430.7001 2970.8439 435 435.81 
PC17 3572.6421 2840.6421 434 436.46 
PC22 3560.1365 2522.7196 435 442.49 
PC23 3220.7113 2126.2828 435 447.42 
PC24 3163.6403 2062.7936 436 446.54 
PC25 3040.1286 2727.9391 435 440.94 
PC26 2815.0597 2542.0489 434 442.79 
PC27 2846.7360 2637.0780 434 443.17 
PC30 3764.1415 3319.9643 423 423.03 
PC32 3878.2033 3518.8448 420 428.65 
PC35 3149.3287 2467.8595 435 438.11 
PC37 3500-5219 2687.9876 435 443.11 
PC40 3298.0686 2539.8366 435 435.68 
PC43 2554.4853 2828.0787 433 440.62 
PC44 3654.9724 3049.6544 424 426.05 
PC45 3185.0095 2259.5682 435 442.01 
PT19 2969.3885 3053.3442 425 442.27 
PT21 3220.5518 2831.5656 425 440.03 
PT23 3463.0000 2380.0000 425 444.35 
PT24 3311.9257 2966.0882 415 434.71 
PT26 3693.0000 2920.0000 420 434.85 
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Appendix 14: Input data for pumping wells 
 

Table A14.1 Pumping well input data.  
Well Model 

coord. x 
Model 

coord. y 
Filter location 

(m) 
Rate 

(m3/day) 
Obs. point 
elevation 

(m) 

Head (m) 

PP01 2653 3740 315-345 -160 330 374.3 
PP02 3023 3550 310-340 -300 325 377.3 
PP03 3093 3670 315-345 -160 330 373.2 
PP04 3353 3060 345.34-385.34 -360 365.34 367.3 
PP05 4163 3370 363.09-384.74 -272 373.94 360.8 
PP06 2533 3150 346.01-355.61 

361.01-363.41 
365.11-372.31 
378.31-380.71 
384.31-389.71 
393.91-398.71 

-320 396.31 359.1 

PP08 2033 4190 325-355 -176 337 337.5 
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Appendix 15: Elevations interpolated in the numerical     
model 

 

 
 
Figure A15.1 Topography interpolated in the numerical model. 
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Figure A15.2 Bottom layer elevation interpolated in the numerical model. 
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Appendix 16: PEST-log for optimization of K 
 
                     PEST RUN RECORD: CASE URANIA55 
 
PEST run mode: Parameter estimation mode 
 
Case dimensions: 
 
   Number of parameters                 :   24 
   Number of adjustable parameters      :    8 
   Number of parameter groups           :    1 
   Number of observations               :   29 
   Number of prior estimates            :    0 
 
Model command line: C:\VMODNT\dosmess.exe 1573524 1101 
 
Model interface files: 
 
   Templates: URANIA55.MF.TPL for model input files: URANIA55.MF.PL 
 
   (Parameter values written using single precision protocol.) 
   (Decimal point always included.) 
 

Instruction files: URANIA55.INH for reading model output files: 
URANIA55.HOB 

 
Derivatives calculation: 
 
Param     Increment   Increment   Increment   Forward or   Multiplier  
Method 
group     type                    low bound   central      (central)   
(central) 
cndct     relative    2.0000E-02   none        switch        2.000     
parabolic 
 
Parameter definitions: 
 
Name      Trans-           Change       Initial        Lower          Upper 
          formation        limit        value          bound          bound 
kx__1     log              factor     1.000000E-07   1.000000E-08   
1.000000E-05 
ky__1     tied to kx__1      na       1.000000E-07      na             na 
kz__1     tied to kx__1      na       1.000000E-07      na             na 
kx__2     log              factor     3.000000E-07   1.000000E-08   
3.000000E-05 
ky__2     tied to kx__2      na       3.000000E-07      na             na 
kz__2     tied to kx__2      na       3.000000E-07      na             na 
kx__3     log              factor     6.000000E-07   1.000000E-08   
6.000000E-05 
ky__3     tied to kx__3      na       6.000000E-07      na             na 
kz__3     tied to kx__3      na       6.000000E-07      na             na 
kx__4     log              factor     1.000000E-06   1.000000E-08   
1.000000E-04 
ky__4     tied to kx__4      na       1.000000E-06      na             na 
kz__4     tied to kx__4      na       1.000000E-06      na             na 
kx__5     log              factor     3.000000E-06   3.000000E-08   
3.000000E-04 
ky__5     tied to kx__5      na       3.000000E-06      na             na 
kz__5     tied to kx__5      na       3.000000E-06      na             na 
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kx__6     log              factor     6.000000E-06   6.000000E-08   
6.000000E-04 
ky__6     tied to kx__6      na       6.000000E-06      na             na 
kz__6     tied to kx__6      na       6.000000E-06      na             na 
kx__7     log              factor     1.000000E-05   1.000000E-07   
1.000000E-03 
ky__7     tied to kx__7      na       1.000000E-05      na             na 
kz__7     tied to kx__7      na       1.000000E-05      na             na 
kx__8     log              factor     1.000000E-08   1.000000E-10   
1.000000E-06 
ky__8     tied to kx__8      na       1.000000E-08      na             na 
kz__8     tied to kx__8      na       1.000000E-08      na             na 
 
Name      Group          Scale         Offset 
kx__1     cndct         1.00000       0.000000E+00 
ky__1     cndct         1.00000       0.000000E+00 
kz__1     cndct         1.00000       0.000000E+00 
kx__2     cndct         1.00000       0.000000E+00 
ky__2     cndct         1.00000       0.000000E+00 
kz__2     cndct         1.00000       0.000000E+00 
kx__3     cndct         1.00000       0.000000E+00 
ky__3     cndct         1.00000       0.000000E+00 
kz__3     cndct         1.00000       0.000000E+00 
kx__4     cndct         1.00000       0.000000E+00 
ky__4     cndct         1.00000       0.000000E+00 
kz__4     cndct         1.00000       0.000000E+00 
kx__5     cndct         1.00000       0.000000E+00 
ky__5     cndct         1.00000       0.000000E+00 
kz__5     cndct         1.00000       0.000000E+00 
kx__6     cndct         1.00000       0.000000E+00 
ky__6     cndct         1.00000       0.000000E+00 
kz__6     cndct         1.00000       0.000000E+00 
kx__7     cndct         1.00000       0.000000E+00 
ky__7     cndct         1.00000       0.000000E+00 
kz__7     cndct         1.00000       0.000000E+00 
kx__8     cndct         1.00000       0.000000E+00 
ky__8     cndct         1.00000       0.000000E+00 
kz__8     cndct         1.00000       0.000000E+00 
 
Prior information: No prior information supplied 
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Observations: 
 
Observation name    Observation       Weight       Group 
     of000030        452.840          1.000       hds.a    
     of000031        443.290          1.000       hds.a    
     of000032        442.570          1.000       hds.a    
     of000033        452.660          1.000       hds.a    
     of000034        435.540          1.000       hds.a    
     of000035        441.730          1.000       hds.a    
     of000036        442.940          1.000       hds.a    
     of000037        434.910          1.000       hds.a    
     of000038        435.810          1.000       hds.a    
     of000039        436.460          1.000       hds.a    
     of000040        442.490          1.000       hds.a    
     of000041        447.420          1.000       hds.a    
     of000042        446.540          1.000       hds.a    
     of000043        440.940          1.000       hds.a    
     of000044        442.790          1.000       hds.a    
     of000045        443.170          1.000       hds.a    
     of000046        423.030          1.000       hds.a    
     of000047        428.650          1.000       hds.a    
     of000048        438.110          1.000       hds.a    
     of000049        443.110          1.000       hds.a    
     of000050        435.680          1.000       hds.a    
     of000051        440.620          1.000       hds.a    
     of000052        426.050          1.000       hds.a    
     of000053        442.010          1.000       hds.a    
     of000054        442.270          1.000       hds.a    
     of000055        440.030          1.000       hds.a    
     of000056        444.350          1.000       hds.a    
     of000057        434.710          1.000       hds.a    
     of000058        434.850          1.000       hds.a    
 
Control settings: 
 
   Initial lambda                                             :  10.000     
   Lambda adjustment factor                                   :  2.0000     
   Sufficient new/old phi ratio per optimisation iteration    : 0.30000     
   Limiting relative phi reduction between lambdas            : 2.00000E-02 
   Maximum trial lambdas per iteration                        :  10 
 
   Maximum  factor  parameter change (factor-limited changes)  :  10.000 
   Maximum relative parameter change (relative-limited changes):   na 
   Fraction of initial parameter values used in computing 
   change limit for near-zero parameters                       : 1.0000E-03 
 
   Relative phi reduction below which to begin use of 
   central derivatives                                         : 0.10000      
 
   Relative phi reduction indicating convergence               : 0.1000E-02 
   Number of phi values required within this range             :   5 
   Maximum number of consecutive failures to lower phi         :   3 
   Minimal relative parameter change indicating convergence    : 0.1000E-02 
   Number of consecutive iterations with minimal param change  :   5 
   Maximum number of optimisation iterations                   :  50 
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OPTIMISATION RECORD 
 
INITIAL CONDITIONS:  
   Sum of squared weighted residuals (ie phi) =   10026.     
 
      Current parameter values 
        kx__1      1.000000E-07 
        ky__1      1.000000E-07 
        kz__1      1.000000E-07 
        kx__2      3.000000E-07 
        ky__2      3.000000E-07 
        kz__2      3.000000E-07 
        kx__3      6.000000E-07 
        ky__3      6.000000E-07 
        kz__3      6.000000E-07 
        kx__4      1.000000E-06 
        ky__4      1.000000E-06 
        kz__4      1.000000E-06 
        kx__5      3.000000E-06 
        ky__5      3.000000E-06 
        kz__5      3.000000E-06 
        kx__6      6.000000E-06 
        ky__6      6.000000E-06 
        kz__6      6.000000E-06 
        kx__7      1.000000E-05 
        ky__7      1.000000E-05 
        kz__7      1.000000E-05 
        kx__8      1.000000E-08 
        ky__8      1.000000E-08 
        kz__8      1.000000E-08 
 
OPTIMISATION ITERATION NO.        :    1 
   Model calls so far             :    1 
   Starting phi for this iteration:   10026.     
 
       Lambda =   10.000     -----> 
          Phi =   3102.5      (  0.309 of starting phi) 
 
       Lambda =   5.0000     -----> 
          Phi =   5736.2      (  0.572 of starting phi) 
 
       Lambda =   20.000     -----> 
          Phi =   1751.8      (  0.175 of starting phi) 
 
   No more lambdas: phi is now less than 0.3000 of starting phi 
   Lowest phi this iteration:   1751.8     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-07 
        ky__1      1.000000E-08                   ky__1      1.000000E-07 
        kz__1      1.000000E-08                   kz__1      1.000000E-07 
        kx__2      5.811061E-07                   kx__2      3.000000E-07 
        ky__2      5.811061E-07                   ky__2      3.000000E-07 
        kz__2      5.811061E-07                   kz__2      3.000000E-07 
        kx__3      1.075058E-06                   kx__3      6.000000E-07 
        ky__3      1.075058E-06                   ky__3      6.000000E-07 
        kz__3      1.075058E-06                   kz__3      6.000000E-07 
        kx__4      2.088278E-06                   kx__4      1.000000E-06 
        ky__4      2.088278E-06                   ky__4      1.000000E-06 
        kz__4      2.088278E-06                   kz__4      1.000000E-06 
        kx__5      9.448459E-06                   kx__5      3.000000E-06 
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        ky__5      9.448459E-06                   ky__5      3.000000E-06 
        kz__5      9.448459E-06                   kz__5      3.000000E-06 
        kx__6      4.698903E-06                   kx__6      6.000000E-06 
        ky__6      4.698903E-06                   ky__6      6.000000E-06 
        kz__6      4.698903E-06                   kz__6      6.000000E-06 
        kx__7      1.899043E-06                   kx__7      1.000000E-05 
        ky__7      1.899043E-06                   ky__7      1.000000E-05 
        kz__7      1.899043E-06                   kz__7      1.000000E-05 
        kx__8      4.835988E-09                   kx__8      1.000000E-08 
        ky__8      4.835988E-09                   ky__8      1.000000E-08 
        kz__8      4.835988E-09                   kz__8      1.000000E-08 
   Maximum   factor change:  10.00     ["kx__1"] 
   Maximum relative change:  2.149     ["kx__5"] 
 
OPTIMISATION ITERATION NO.        :    2 
   Model calls so far             :   12 
   Starting phi for this iteration:   1751.8     
 
       Lambda =   20.000     -----> 
      parameter "kx__1" frozen: - update vector out of bounds 
          Phi =   808.53      (  0.462 of starting phi) 
 
       Lambda =   10.000     -----> 
          Phi =   963.85      (  0.550 of starting phi) 
       Lambda =   40.000     -----> 
          Phi =   790.39      (  0.451 of starting phi) 
 
       Lambda =   80.000     -----> 
          Phi =   740.80      (  0.423 of starting phi) 
 
       Lambda =   160.00     -----> 
          Phi =   641.73      (  0.366 of starting phi) 
 
       Lambda =   320.00     -----> 
          Phi =   474.79      (  0.271 of starting phi) 
 
   No more lambdas: phi is now less than 0.3000 of starting phi 
   Lowest phi this iteration:   474.79     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      5.735352E-07                   kx__2      5.811061E-07 
        ky__2      5.735352E-07                   ky__2      5.811061E-07 
        kz__2      5.735352E-07                   kz__2      5.811061E-07 
        kx__3      1.491632E-06                   kx__3      1.075058E-06 
        ky__3      1.491632E-06                   ky__3      1.075058E-06 
        kz__3      1.491632E-06                   kz__3      1.075058E-06 
        kx__4      2.768641E-06                   kx__4      2.088278E-06 
        ky__4      2.768641E-06                   ky__4      2.088278E-06 
        kz__4      2.768641E-06                   kz__4      2.088278E-06 
        kx__5      1.800536E-05                   kx__5      9.448459E-06 
        ky__5      1.800536E-05                   ky__5      9.448459E-06 
        kz__5      1.800536E-05                   kz__5      9.448459E-06 
        kx__6      4.698903E-07                   kx__6      4.698903E-06 
        ky__6      4.698903E-07                   ky__6      4.698903E-06 
        kz__6      4.698903E-07                   kz__6      4.698903E-06 
        kx__7      1.356177E-06                   kx__7      1.899043E-06 
        ky__7      1.356177E-06                   ky__7      1.899043E-06 
        kz__7      1.356177E-06                   kz__7      1.899043E-06 
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        kx__8      4.295364E-09                   kx__8      4.835988E-09 
        ky__8      4.295364E-09                   ky__8      4.835988E-09 
        kz__8      4.295364E-09                   kz__8      4.835988E-09 
   Maximum   factor change:  10.00     ["kx__6"] 
   Maximum relative change: 0.9056     ["kx__5"] 
 
OPTIMISATION ITERATION NO.        :    3 
   Model calls so far             :   26 
   Starting phi for this iteration:   474.79     
   All frozen parameters freed 
 
       Lambda =   320.00     -----> 
      parameter "kx__1" frozen: - update vector out of bounds 
          Phi =   201.87      (  0.425 of starting phi) 
 
       Lambda =   160.00     -----> 
          Phi =   248.80      (  0.524 of starting phi) 
 
       Lambda =   640.00     -----> 
          Phi =   201.98      (  0.425 of starting phi) 
 
   No more lambdas: phi rising 
   Lowest phi this iteration:   201.87     
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      6.144412E-07                   kx__2      5.735352E-07 
        ky__2      6.144412E-07                   ky__2      5.735352E-07 
        kz__2      6.144412E-07                   kz__2      5.735352E-07 
        kx__3      2.375463E-06                   kx__3      1.491632E-06 
        ky__3      2.375463E-06                   ky__3      1.491632E-06 
        kz__3      2.375463E-06                   kz__3      1.491632E-06 
        kx__4      4.426734E-06                   kx__4      2.768641E-06 
        ky__4      4.426734E-06                   ky__4      2.768641E-06 
        kz__4      4.426734E-06                   kz__4      2.768641E-06 
        kx__5      1.616254E-05                   kx__5      1.800536E-05 
        ky__5      1.616254E-05                   ky__5      1.800536E-05 
        kz__5      1.616254E-05                   kz__5      1.800536E-05 
        kx__6      6.502844E-08                   kx__6      4.698903E-07 
        ky__6      6.502844E-08                   ky__6      4.698903E-07 
        kz__6      6.502844E-08                   kz__6      4.698903E-07 
        kx__7      4.008247E-07                   kx__7      1.356177E-06 
        ky__7      4.008247E-07                   ky__7      1.356177E-06 
        kz__7      4.008247E-07                   kz__7      1.356177E-06 
        kx__8      2.888364E-09                   kx__8      4.295364E-09 
        ky__8      2.888364E-09                   ky__8      4.295364E-09 
        kz__8      2.888364E-09                   kz__8      4.295364E-09 
   Maximum   factor change:  7.226     ["kx__6"] 
   Maximum relative change: 0.8616     ["kx__6"] 
 
OPTIMISATION ITERATION NO.        :    4 
   Model calls so far             :   37 
   Starting phi for this iteration:   201.87     
   All frozen parameters freed 
 
       Lambda =   320.00     -----> 
      parameter "kx__1" frozen: - update vector out of bounds 
          Phi =   197.17      (  0.977 of starting phi) 
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Lambda =   160.00     -----> 
          Phi =   197.15      (  0.977 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   197.15     
   Relative phi reduction between optimisation iterations less than 0.1000 
   Switch to central derivatives calculation 
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      6.524627E-07                   kx__2      6.144412E-07 
        ky__2      6.524627E-07                   ky__2      6.144412E-07 
        kz__2      6.524627E-07                   kz__2      6.144412E-07 
        kx__3      2.640590E-06                   kx__3      2.375463E-06 
        ky__3      2.640590E-06                   ky__3      2.375463E-06 
        kz__3      2.640590E-06                   kz__3      2.375463E-06 
        kx__4      4.150864E-06                   kx__4      4.426734E-06 
        ky__4      4.150864E-06                   ky__4      4.426734E-06 
        kz__4      4.150864E-06                   kz__4      4.426734E-06 
        kx__5      1.475582E-05                   kx__5      1.616254E-05 
        ky__5      1.475582E-05                   ky__5      1.616254E-05 
        kz__5      1.475582E-05                   kz__5      1.616254E-05 
        kx__6      8.396072E-08                   kx__6      6.502844E-08 
        ky__6      8.396072E-08                   ky__6      6.502844E-08 
        kz__6      8.396072E-08                   kz__6      6.502844E-08 
        kx__7      5.509713E-07                   kx__7      4.008247E-07 
        ky__7      5.509713E-07                   ky__7      4.008247E-07 
        kz__7      5.509713E-07                   kz__7      4.008247E-07 
        kx__8      2.320000E-09                   kx__8      2.888364E-09 
        ky__8      2.320000E-09                   ky__8      2.888364E-09 
        kz__8      2.320000E-09                   kz__8      2.888364E-09 
   Maximum   factor change:  1.375     ["kx__7"] 
   Maximum relative change: 0.3746     ["kx__7"] 
 
OPTIMISATION ITERATION NO.        :    5 
   Model calls so far             :   47 
   Starting phi for this iteration:   197.15     
   All frozen parameters freed 
 
       Lambda =   80.000     -----> 
      parameter "kx__1" frozen: gradient and update vectors out of bounds 
          Phi =   197.61      (  1.002 times starting phi) 
 
       Lambda =   40.000     -----> 
          Phi =   197.61      (  1.002 times starting phi) 
 
       Lambda =   160.00     -----> 
          Phi =   197.63      (  1.002 times starting phi) 
 
   No more lambdas: phi rising 
   Lowest phi this iteration:   197.61     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      6.539374E-07                   kx__2      6.524627E-07 
        ky__2      6.539374E-07                   ky__2      6.524627E-07 
        kz__2      6.539374E-07                   kz__2      6.524627E-07 
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        kx__3      2.645489E-06                   kx__3      2.640590E-06 
        ky__3      2.645489E-06                   ky__3      2.640590E-06 
        kz__3      2.645489E-06                   kz__3      2.640590E-06 
        kx__4      4.092490E-06                   kx__4      4.150864E-06 
        ky__4      4.092490E-06                   ky__4      4.150864E-06 
        kz__4      4.092490E-06                   kz__4      4.150864E-06 
        kx__5      1.393090E-05                   kx__5      1.475582E-05 
        ky__5      1.393090E-05                   ky__5      1.475582E-05 
        kz__5      1.393090E-05                   kz__5      1.475582E-05 
        kx__6      6.000000E-08                   kx__6      8.396072E-08 
        ky__6      6.000000E-08                   ky__6      8.396072E-08 
        kz__6      6.000000E-08                   kz__6      8.396072E-08 
        kx__7      1.672285E-06                   kx__7      5.509713E-07 
        ky__7      1.672285E-06                   ky__7      5.509713E-07 
        kz__7      1.672285E-06                   kz__7      5.509713E-07 
        kx__8      2.247521E-09                   kx__8      2.320000E-09 
        ky__8      2.247521E-09                   ky__8      2.320000E-09 
        kz__8      2.247521E-09                   kz__8      2.320000E-09 
   Maximum   factor change:  3.035     ["kx__7"] 
   Maximum relative change:  2.035     ["kx__7"] 
 
OPTIMISATION ITERATION NO.        :    6 
   Model calls so far             :   66 
   Starting phi for this iteration:   197.61     
   All frozen parameters freed 
 
       Lambda =   80.000     -----> 
      parameter "kx__1" frozen: gradient and update vectors out of bounds 
      parameter "kx__6" frozen: gradient and update vectors out of bounds 
          Phi =   197.35      (  0.999 of starting phi) 
 
       Lambda =   40.000     -----> 
          Phi =   198.05      (  1.002 times starting phi) 
 
       Lambda =   160.00     -----> 
          Phi =   196.93      (  0.997 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   196.93     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      6.404437E-07                   kx__2      6.539374E-07 
        ky__2      6.404437E-07                   ky__2      6.539374E-07 
        kz__2      6.404437E-07                   kz__2      6.539374E-07 
        kx__3      2.711742E-06                   kx__3      2.645489E-06 
        ky__3      2.711742E-06                   ky__3      2.645489E-06 
        kz__3      2.711742E-06                   kz__3      2.645489E-06 
        kx__4      3.888918E-06                   kx__4      4.092490E-06 
        ky__4      3.888918E-06                   ky__4      4.092490E-06 
        kz__4      3.888918E-06                   kz__4      4.092490E-06 
        kx__5      1.463128E-05                   kx__5      1.393090E-05 
        ky__5      1.463128E-05                   ky__5      1.393090E-05 
        kz__5      1.463128E-05                   kz__5      1.393090E-05 
        kx__6      6.000000E-08                   kx__6      6.000000E-08 
        ky__6      6.000000E-08                   ky__6      6.000000E-08 
        kz__6      6.000000E-08                   kz__6      6.000000E-08 
        kx__7      5.309464E-07                   kx__7      1.672285E-06 
        ky__7      5.309464E-07                   ky__7      1.672285E-06 
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        kz__7      5.309464E-07                   kz__7      1.672285E-06 
        kx__8      1.795680E-09                   kx__8      2.247521E-09 
        ky__8      1.795680E-09                   ky__8      2.247521E-09 
        kz__8      1.795680E-09                   kz__8      2.247521E-09 
 
   Maximum   factor change:  3.150     ["kx__7"] 
   Maximum relative change: 0.6825     ["kx__7"] 
 
OPTIMISATION ITERATION NO.        :    7 
   Model calls so far             :   85 
   Starting phi for this iteration:   196.93     
   All frozen parameters freed 
 
       Lambda =   160.00     -----> 
      parameter "kx__1" frozen: gradient and update vectors out of bounds 
          Phi =   197.14      (  1.001 times starting phi) 
 
       Lambda =   80.000     -----> 
          Phi =   197.21      (  1.001 times starting phi) 
 
       Lambda =   320.00     -----> 
          Phi =   196.98      (  1.000 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   196.98     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      6.451541E-07                   kx__2      6.404437E-07 
        ky__2      6.451541E-07                   ky__2      6.404437E-07 
        kz__2      6.451541E-07                   kz__2      6.404437E-07 
        kx__3      2.717960E-06                   kx__3      2.711742E-06 
        ky__3      2.717960E-06                   ky__3      2.711742E-06 
        kz__3      2.717960E-06                   kz__3      2.711742E-06 
        kx__4      3.801153E-06                   kx__4      3.888918E-06 
        ky__4      3.801153E-06                   ky__4      3.888918E-06 
        kz__4      3.801153E-06                   kz__4      3.888918E-06 
        kx__5      1.499931E-05                   kx__5      1.463128E-05 
        ky__5      1.499931E-05                   ky__5      1.463128E-05 
        kz__5      1.499931E-05                   kz__5      1.463128E-05 
        kx__6      1.555235E-07                   kx__6      6.000000E-08 
        ky__6      1.555235E-07                   ky__6      6.000000E-08 
        kz__6      1.555235E-07                   kz__6      6.000000E-08 
        kx__7      7.157285E-07                   kx__7      5.309464E-07 
        ky__7      7.157285E-07                   ky__7      5.309464E-07 
        kz__7      7.157285E-07                   kz__7      5.309464E-07 
        kx__8      3.280928E-09                   kx__8      1.795680E-09 
        ky__8      3.280928E-09                   ky__8      1.795680E-09 
        kz__8      3.280928E-09                   kz__8      1.795680E-09 
   Maximum   factor change:  2.592     ["kx__6"] 
   Maximum relative change:  1.592     ["kx__6"] 
 
OPTIMISATION ITERATION NO.        :    8 
   Model calls so far             :  104 
   Starting phi for this iteration:   196.98     
   All frozen parameters freed 
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Lambda =   320.00     -----> 
          Phi =   196.93      (  1.000 of starting phi) 
 
       Lambda =   160.00     -----> 
          Phi =   196.91      (  1.000 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   196.91     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.162088E-08                   kx__1      1.000000E-08 
        ky__1      1.162088E-08                   ky__1      1.000000E-08 
        kz__1      1.162088E-08                   kz__1      1.000000E-08 
        kx__2      6.442964E-07                   kx__2      6.451541E-07 
        ky__2      6.442964E-07                   ky__2      6.451541E-07 
        kz__2      6.442964E-07                   kz__2      6.451541E-07 
        kx__3      2.715266E-06                   kx__3      2.717960E-06 
        ky__3      2.715266E-06                   ky__3      2.717960E-06 
        kz__3      2.715266E-06                   kz__3      2.717960E-06 
        kx__4      3.742450E-06                   kx__4      3.801153E-06 
        ky__4      3.742450E-06                   ky__4      3.801153E-06 
        kz__4      3.742450E-06                   kz__4      3.801153E-06 
        kx__5      1.482832E-05                   kx__5      1.499931E-05 
        ky__5      1.482832E-05                   ky__5      1.499931E-05 
        kz__5      1.482832E-05                   kz__5      1.499931E-05 
        kx__6      9.659922E-08                   kx__6      1.555235E-07 
        ky__6      9.659922E-08                   ky__6      1.555235E-07 
        kz__6      9.659922E-08                   kz__6      1.555235E-07 
        kx__7      8.820014E-07                   kx__7      7.157285E-07 
        ky__7      8.820014E-07                   ky__7      7.157285E-07 
        kz__7      8.820014E-07                   kz__7      7.157285E-07 
        kx__8      2.083130E-09                   kx__8      3.280928E-09 
        ky__8      2.083130E-09                   ky__8      3.280928E-09 
        kz__8      2.083130E-09                   kz__8      3.280928E-09 
   Maximum   factor change:  1.610     ["kx__6"] 
   Maximum relative change: 0.3789     ["kx__6"] 
 
OPTIMISATION ITERATION NO.        :    9 
   Model calls so far             :  122 
   Starting phi for this iteration:   196.91     
 
***************************************************************************
**** 
Error condition prevents continued PEST execution:- 
 
Cannot open model output file URANIA55.HOB. 
***************************************************************************
**** 
 
             .....RESTART: UPGRADING PARAMETERS AGAIN..... 
 
OPTIMISATION ITERATION NO.        :    8 
   Model calls so far             :  122 
   Starting phi for this iteration:   196.98     
   All frozen parameters freed 
 
       Lambda =   320.00     -----> 
          Phi =   196.93      (  1.000 of starting phi) 
 
       Lambda =   160.00     -----> 
          Phi =   196.91      (  1.000 of starting phi) 
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   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   196.91     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.162088E-08                   kx__1      1.000000E-08 
        ky__1      1.162088E-08                   ky__1      1.000000E-08 
        kz__1      1.162088E-08                   kz__1      1.000000E-08 
        kx__2      6.442964E-07                   kx__2      6.451541E-07 
        ky__2      6.442964E-07                   ky__2      6.451541E-07 
        kz__2      6.442964E-07                   kz__2      6.451541E-07 
        kx__3      2.715266E-06                   kx__3      2.717960E-06 
        ky__3      2.715266E-06                   ky__3      2.717960E-06 
        kz__3      2.715266E-06                   kz__3      2.717960E-06 
        kx__4      3.742450E-06                   kx__4      3.801153E-06 
        ky__4      3.742450E-06                   ky__4      3.801153E-06 
        kz__4      3.742450E-06                   kz__4      3.801153E-06 
        kx__5      1.482832E-05                   kx__5      1.499931E-05 
        ky__5      1.482832E-05                   ky__5      1.499931E-05 
        kz__5      1.482832E-05                   kz__5      1.499931E-05 
        kx__6      9.659922E-08                   kx__6      1.555235E-07 
        ky__6      9.659922E-08                   ky__6      1.555235E-07 
        kz__6      9.659922E-08                   kz__6      1.555235E-07 
        kx__7      8.820014E-07                   kx__7      7.157285E-07 
        ky__7      8.820014E-07                   ky__7      7.157285E-07 
        kz__7      8.820014E-07                   kz__7      7.157285E-07 
        kx__8      2.083130E-09                   kx__8      3.280928E-09 
        ky__8      2.083130E-09                   ky__8      3.280928E-09 
        kz__8      2.083130E-09                   kz__8      3.280928E-09 
   Maximum   factor change:  1.610     ["kx__6"] 
   Maximum relative change: 0.3789     ["kx__6"] 
 
OPTIMISATION ITERATION NO.        :    9 
   Model calls so far             :  124 
   Starting phi for this iteration:   196.91     
 
       Lambda =   80.000     -----> 
          Phi =   197.14      (  1.001 times starting phi) 
 
       Lambda =   40.000     -----> 
          Phi =   197.00      (  1.000 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   197.00     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.162088E-08 
        ky__1      1.000000E-08                   ky__1      1.162088E-08 
        kz__1      1.000000E-08                   kz__1      1.162088E-08 
        kx__2      6.547782E-07                   kx__2      6.442964E-07 
        ky__2      6.547782E-07                   ky__2      6.442964E-07 
        kz__2      6.547782E-07                   kz__2      6.442964E-07 
        kx__3      2.719326E-06                   kx__3      2.715266E-06 
        ky__3      2.719326E-06                   ky__3      2.715266E-06 
        kz__3      2.719326E-06                   kz__3      2.715266E-06 
        kx__4      3.752189E-06                   kx__4      3.742450E-06 
        ky__4      3.752189E-06                   ky__4      3.742450E-06 
        kz__4      3.752189E-06                   kz__4      3.742450E-06 
        kx__5      1.434395E-05                   kx__5      1.482832E-05 
        ky__5      1.434395E-05                   ky__5      1.482832E-05 
        kz__5      1.434395E-05                   kz__5      1.482832E-05 
        kx__6      6.000000E-08                   kx__6      9.659922E-08 
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        ky__6      6.000000E-08                   ky__6      9.659922E-08 
        kz__6      6.000000E-08                   kz__6      9.659922E-08 
        kx__7      3.558891E-06                   kx__7      8.820014E-07 
        ky__7      3.558891E-06                   ky__7      8.820014E-07 
        kz__7      3.558891E-06                   kz__7      8.820014E-07 
        kx__8      2.489065E-09                   kx__8      2.083130E-09 
        ky__8      2.489065E-09                   ky__8      2.083130E-09 
        kz__8      2.489065E-09                   kz__8      2.083130E-09 
   Maximum   factor change:  4.035     ["kx__7"] 
   Maximum relative change:  3.035     ["kx__7"] 
 
OPTIMISATION ITERATION NO.        :   10 
   Model calls so far             :  142 
   Starting phi for this iteration:   197.00     
 
       Lambda =   20.000     -----> 
      parameter "kx__6" frozen: gradient and update vectors out of bounds 
      parameter "kx__1" frozen: - update vector out of bounds 
          Phi =   197.28      (  1.001 times starting phi) 
 
       Lambda =   10.000     -----> 
          Phi =   197.41      (  1.002 times starting phi) 
 
       Lambda =   40.000     -----> 
          Phi =   197.09      (  1.000 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   197.09     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      1.000000E-08                   kz__1      1.000000E-08 
        kx__2      6.479140E-07                   kx__2      6.547782E-07 
        ky__2      6.479140E-07                   ky__2      6.547782E-07 
        kz__2      6.479140E-07                   kz__2      6.547782E-07 
        kx__3      2.719898E-06                   kx__3      2.719326E-06 
        ky__3      2.719898E-06                   ky__3      2.719326E-06 
        kz__3      2.719898E-06                   kz__3      2.719326E-06 
        kx__4      3.771158E-06                   kx__4      3.752189E-06 
        ky__4      3.771158E-06                   ky__4      3.752189E-06 
        kz__4      3.771158E-06                   kz__4      3.752189E-06 
        kx__5      1.467752E-05                   kx__5      1.434395E-05 
        ky__5      1.467752E-05                   ky__5      1.434395E-05 
        kz__5      1.467752E-05                   kz__5      1.434395E-05 
        kx__6      6.000000E-08                   kx__6      6.000000E-08 
        ky__6      6.000000E-08                   ky__6      6.000000E-08 
        kz__6      6.000000E-08                   kz__6      6.000000E-08 
        kx__7      3.558891E-07                   kx__7      3.558891E-06 
        ky__7      3.558891E-07                   ky__7      3.558891E-06 
        kz__7      3.558891E-07                   kz__7      3.558891E-06 
        kx__8      3.603426E-09                   kx__8      2.489065E-09 
        ky__8      3.603426E-09                   ky__8      2.489065E-09 
        kz__8      3.603426E-09                   kz__8      2.489065E-09 
   Maximum   factor change:  10.00     ["kx__7"] 
   Maximum relative change: 0.9000     ["kx__7"] 
 
   Optimisation complete: the  5 lowest phi's are within a relative 
distance of each other of 1.0000E-03 
   Total model calls:  161 
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OPTIMISATION RESULTS 
 
Adjustable parameters -----> 
 
Parameter      Estimated           95% percent confidence limits 
               value               lower limit       upper limit 
 kx__1        1.162088E-08        1.162088E          1.162088+292 
 kx__2        6.442964E-07         1.169027E-08      3.550969E-05 
 kx__3        2.715266E-06         9.051373E-07      8.145363E-06 
 kx__4        3.742450E-06         5.057214E-07      2.769496E-05 
 kx__5        1.482832E-05         3.640294E-10      0.604014     
 kx__6        9.659922E-08        3.537347E          2.637968+233 
 kx__7        8.820014E-07        2.164817E          3.593498+253 
 kx__8        2.083130E-09        2.083130E          2.083130+291 
 
Note: confidence limits provide only an indication of parameter 
uncertainty. They rely on a linearity assumption which  may not extend as 
far in parameter space as the confidence limits themselves - see PEST 
manual. 
 
Tied parameters -----> 
 
Parameter      Estimated value 
 ky__1          1.162088E-08 
 kz__1          1.162088E-08 
 ky__2          6.442964E-07 
 kz__2          6.442964E-07 
 ky__3          2.715266E-06 
 kz__3          2.715266E-06 
 ky__4          3.742450E-06 
 kz__4          3.742450E-06 
 ky__5          1.482832E-05 
 kz__5          1.482832E-05 
 ky__6          9.659922E-08 
 kz__6          9.659922E-08 
 ky__7          8.820014E-07 
 kz__7          8.820014E-07 
 ky__8          2.083130E-09 
 kz__8          2.083130E-09 
 
See file URANIA55.SEN for parameter sensitivities. 
 
Observations -----> 
 
Observation  Measured       Calculated     Residual       Weight     Group 
             value          value 
 of000030    452.840        447.589        5.25090        1.000      hds.a    
 of000031    443.290        443.208       8.200000E-02    1.000      hds.a    
 of000032    442.570        444.263       -1.69310        1.000      hds.a    
 of000033    452.660        452.786      -0.126100        1.000      hds.a    
 of000034    435.540        436.536      -0.995900        1.000      hds.a    
 of000035    441.730        442.702      -0.972400        1.000      hds.a    
 of000036    442.940        441.848        1.09190        1.000      hds.a    
 of000037    434.910        431.744        3.16550        1.000      hds.a    
 of000038    435.810        435.488       0.322500        1.000      hds.a    
 of000039    436.460        437.449      -0.989100        1.000      hds.a    
 of000040    442.490        441.625       0.865300        1.000      hds.a    
 of000041    447.420        443.493        3.92680        1.000      hds.a    
 of000042    446.540        443.542        2.99760        1.000      hds.a    
 of000043    440.940        442.082       -1.14190        1.000      hds.a    
 of000044    442.790        441.455        1.33530        1.000      hds.a    



Appendix 16 
 

 

 A16-14

 of000045    443.170        441.792        1.37780        1.000      hds.a    
 of000046    423.030        426.312       -3.28150        1.000      hds.a    
 of000047    428.650        429.606      -0.955700        1.000      hds.a    
 of000048    438.110        442.669       -4.55910        1.000      hds.a    
 of000049    443.110        440.189        2.92090        1.000      hds.a    
 of000050    435.680        442.344       -6.66430        1.000      hds.a    
 of000051    440.620        440.850      -0.230400        1.000      hds.a    
 of000052    426.050        430.780       -4.73050        1.000      hds.a    
 of000053    442.010        443.117       -1.10660        1.000      hds.a    
 of000054    442.270        442.654      -0.383600        1.000      hds.a    
 of000055    440.030        440.835      -0.804800        1.000      hds.a    
 of000056    444.350        443.076        1.27380        1.000      hds.a    
 of000057    434.710        437.964       -3.25410        1.000      hds.a    
 of000058    434.850        434.895      -4.500000E-02    1.000      hds.a    
 
See file URANIA55.RES for more details of residuals in graph-ready format. 
 
See file URANIA55.SEO for composite observation sensitivities. 
 
 
Objective function -----> 
 
  Sum of squared weighted residuals (ie phi)                =   196.9     
 
Correlation Coefficient -----> 
  Correlation coefficient                                   =  0.9270     
 
Analysis of residuals -----> 
 
  All residuals:- 
     Number of residuals with non-zero weight               =    29 
     Mean value of non-zero weighted rediduals              = -0.2525     
     Maximum weighted residual [observation "of000030"]     =   5.251     
     Minimum weighted residual [observation "of000050"]     =  -6.664     
     Standard variance of weighted residuals                =   9.377     
     Standard error of weighted residuals                   =   3.062     
 
     Note: the above variance was obtained by dividing the objective  
     function by the number of system degrees of freedom (ie. number of  
     observations with non-zero weight plus number of prior information  
 articles with non-zero weight minus the number of adjustable 

parameters.)If the degrees of freedom is negative the divisor becomes  
     the number of observations with non-zero weight plus the number of  
     prior information items with non-zero weight. 
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Covariance Matrix -----> 
 
 2.3003E+04   -107.6       -30.54       -41.07       -11.87       -6208.       
-3801.       1.8797E+04 
 -107.6       0.7008       0.1265       0.1614       0.3262        18.38       
-1.270       -115.0     
 -30.54       0.1265       5.2612E-02   4.8445E-02   5.9882E-02    13.97        
7.672       -26.48     
 -41.07       0.1614       4.8445E-02   0.1746      -2.8662E-02    8.796        
5.486       -27.49     
 -11.87       0.3262       5.9882E-02  -2.8662E-02    4.912        11.28       
-188.6        18.77     
 -6208.        18.38        13.97        8.796        11.28       
1.3362E+04   1.0074E+04  -1.0051E+04 
 -3801.       -1.270        7.672        5.486       -188.6       
1.0074E+04   1.5578E+04   -8240.     
 1.8797E+04   -115.0       -26.48       -27.49        18.77      -
1.0051E+04   -8240.       2.6986E+04 
 
Correlation Coefficient Matrix -----> 
 
  1.000      -0.8473      -0.8778      -0.6479      -3.5307E-02  -0.3541      
-0.2008       0.7545     
-0.8473        1.000       0.6590       0.4615       0.1758       0.1899      
-1.2158E-02  -0.8366     
-0.8778       0.6590        1.000       0.5054       0.1178       0.5268       
0.2680      -0.7029     
-0.6479       0.4615       0.5054        1.000      -3.0945E-02   0.1821       
0.1052      -0.4005     
-3.5307E-02   0.1758       0.1178      -3.0945E-02    1.000       4.4018E-
02  -0.6819       5.1547E-02 
-0.3541       0.1899       0.5268       0.1821       4.4018E-02    1.000       
0.6983      -0.5293     
-0.2008      -1.2158E-02   0.2680       0.1052      -0.6819       0.6983        
1.000      -0.4019     
 0.7545      -0.8366      -0.7029      -0.4005       5.1547E-02  -0.5293      
-0.4019        1.000     
 
Normalized eigenvectors of covariance matrix -----> 
 
 1.3899E-03   1.3998E-03  -2.3859E-03  -1.6836E-03  -6.2037E-02  -0.6644      
-0.4868       0.5636     
 0.1134       0.2780      -0.9196       0.2532      -4.6002E-05  -1.5091E-
03   3.5732E-03  -2.8045E-03 
 0.7588       0.5916       0.2725       1.0964E-04  -5.9911E-04   9.1785E-
04   4.0192E-04  -8.2335E-04 
 0.2771      -0.2265      -0.2796      -0.8909       2.4813E-04   1.8980E-
03   9.2363E-04  -9.0304E-04 
 0.5781      -0.7217      -4.3111E-02   0.3769      -3.0815E-02  -2.4855E-
03   7.1731E-03   1.1840E-03 
-1.1887E-02   1.4188E-02  -2.1674E-04  -7.3211E-03  -0.7838       0.1356      
-0.4929      -0.3521     
 1.4665E-02  -1.7180E-02  -2.7496E-03   9.9606E-03   0.6129       0.1899      
-0.6998      -0.3130     
 1.9133E-04   1.1006E-03  -3.1664E-03   1.3973E-03  -7.2415E-02   0.7100      
-0.1742       0.6785     
 
Eigenvalues -----> 
 
 1.6969E-03   1.1156E-02   5.2995E-02   0.1173        4064.        5270.       
1.7980E+04   5.1620E+04
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Appendix 17: PEST-log for optimization of Kz 
                     

PEST RUN RECORD: CASE URANIA55 
 
PEST run mode: Parameter estimation mode 
 
Case dimensions: 
 
   Number of parameters                 :   24 
   Number of adjustable parameters      :    8 
   Number of parameter groups           :    1 
   Number of observations               :   29 
   Number of prior estimates            :    0 
 
Model command line: C:\VMODNT\dosmess.exe 3080426 1101 
 
Model interface files: 
  
   Templates: URANIA55.MF.TPL for model input files: URANIA55.MF.PL 
 
   (Parameter values written using single precision protocol.) 
   (Decimal point always included.) 
 
   Instruction files: URANIA55.INH for reading model output files: 
   URANIA55.HOB 
 
Derivatives calculation:- 
 
Param     Increment   Increment   Increment   Forward or   Multiplier  Method 
group     type                    low bound   central      (central)   (central) 
cndct     relative    2.0000E-02   none        switch        2.000     parabolic 
 
Parameter definitions:- 
 
Name      Trans-           Change       Initial        Lower          Upper 
          formation        limit        value          bound          bound 
kx__1     fixed              na       1.000000E-08      na             na 
ky__1     fixed              na       1.000000E-08      na             na 
kz__1     log              factor     1.000000E-08   1.000000E-09   1.000000E-08 
kx__2     fixed              na       6.479140E-07      na             na 
ky__2     fixed              na       6.479140E-07      na             na 
kz__2     log              factor     6.479140E-07   6.479140E-08   6.479140E-07 
kx__3     fixed              na       2.719900E-06      na             na 
ky__3     fixed              na       2.719900E-06      na             na 
kz__3     log              factor     2.719900E-06   2.719900E-07   2.719900E-06 
kx__4     fixed              na       3.771160E-06      na             na 
ky__4     fixed              na       3.771160E-06      na             na 
kz__4     log              factor     3.771160E-06   3.771160E-07   3.771160E-06 
kx__5     fixed              na       1.467750E-05      na             na 
ky__5     fixed              na       1.467750E-05      na             na 
kz__5     log              factor     1.467750E-05   1.467750E-06   1.467750E-05 
kx__6     fixed              na       6.000000E-08      na             na 
ky__6     fixed              na       6.000000E-08      na             na 
kz__6     log              factor     6.000000E-08   6.000000E-09   6.000000E-08 
kx__7     fixed              na       3.558890E-07      na             na 
ky__7     fixed              na       3.558890E-07      na             na 
kz__7     log              factor     3.558890E-07   3.558890E-08   3.558890E-07 
kx__8     fixed              na       3.603420E-09      na             na 
ky__8     fixed              na       3.603420E-09      na             na 
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kz__8     log              factor     3.603420E-09   3.603420E-10   3.603420E-09 
 
Name      Group          Scale         Offset 
kx__1     cndct         1.00000       0.000000E+00 
ky__1     cndct         1.00000       0.000000E+00 
kz__1     cndct         1.00000       0.000000E+00 
kx__2     cndct         1.00000       0.000000E+00 
ky__2     cndct         1.00000       0.000000E+00 
kz__2     cndct         1.00000       0.000000E+00 
kx__3     cndct         1.00000       0.000000E+00 
ky__3     cndct         1.00000       0.000000E+00 
kz__3     cndct         1.00000       0.000000E+00 
kx__4     cndct         1.00000       0.000000E+00 
ky__4     cndct         1.00000       0.000000E+00 
kz__4     cndct         1.00000       0.000000E+00 
kx__5     cndct         1.00000       0.000000E+00 
ky__5     cndct         1.00000       0.000000E+00 
kz__5     cndct         1.00000       0.000000E+00 
kx__6     cndct         1.00000       0.000000E+00 
ky__6     cndct         1.00000       0.000000E+00 
kz__6     cndct         1.00000       0.000000E+00 
kx__7     cndct         1.00000       0.000000E+00 
ky__7     cndct         1.00000       0.000000E+00 
kz__7     cndct         1.00000       0.000000E+00 
kx__8     cndct         1.00000       0.000000E+00 
ky__8     cndct         1.00000       0.000000E+00 
kz__8     cndct         1.00000       0.000000E+00 
 
Prior information: No prior information supplied 
 
Observations: 
Observation name    Observation       Weight       Group 
     of000030        452.840          1.000       hds.a    
     of000031        443.290          1.000       hds.a    
     of000032        442.570          1.000       hds.a    
     of000033        452.660          1.000       hds.a    
     of000034        435.540          1.000       hds.a    
     of000035        441.730          1.000       hds.a    
     of000036        442.940          1.000       hds.a    
     of000037        434.910          1.000       hds.a    
     of000038        435.810          1.000       hds.a    
     of000039        436.460          1.000       hds.a    
     of000040        442.490          1.000       hds.a    
     of000041        447.420          1.000       hds.a    
     of000042        446.540          1.000       hds.a    
     of000043        440.940          1.000       hds.a    
     of000044        442.790          1.000       hds.a    
     of000045        443.170          1.000       hds.a    
     of000046        423.030          1.000       hds.a    
     of000047        428.650          1.000       hds.a    
     of000048        438.110          1.000       hds.a    
     of000049        443.110          1.000       hds.a    
     of000050        435.680          1.000       hds.a    
     of000051        440.620          1.000       hds.a    
     of000052        426.050          1.000       hds.a    
     of000053        442.010          1.000       hds.a    
     of000054        442.270          1.000       hds.a    
     of000055        440.030          1.000       hds.a    
     of000056        444.350          1.000       hds.a    
     of000057        434.710          1.000       hds.a    
     of000058        434.850          1.000       hds.a    
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Control settings:- 
 
   Initial lambda                                              :  10.000     
   Lambda adjustment factor                                    :  2.0000     
   Sufficient new/old phi ratio per optimisation iteration     : 0.30000     
   Limiting relative phi reduction between lambdas             : 2.00000E-02 
   Maximum trial lambdas per iteration                         :  10 
 
   Maximum  factor  parameter change (factor-limited changes)  :  10.000 
   Maximum relative parameter change (relative-limited changes):   na 
   Fraction of initial parameter values used in computing 
   change limit for near-zero parameters                       : 1.00000E-03 
 
   Relative phi reduction below which to begin use of 
   central derivatives                                         : 0.10000      
   Relative phi reduction indicating convergence               : 0.10000E-02 
   Number of phi values required within this range             :   5 
   Maximum number of consecutive failures to lower phi         :   3 
   Minimal relative parameter change indicating convergence    : 0.10000E-02 
   Number of consecutive iterations with minimal param change  :   5 
   Maximum number of optimisation iterations                   :  50 
 
OPTIMISATION RECORD 
 
INITIAL CONDITIONS:  
   Sum of squared weighted residuals (ie phi) =   197.12     
 
      Current parameter values 
        kx__1      1.000000E-08 
        ky__1      1.000000E-08 
        kz__1      1.000000E-08 
        kx__2      6.479140E-07 
        ky__2      6.479140E-07 
        kz__2      6.479140E-07 
        kx__3      2.719900E-06 
        ky__3      2.719900E-06 
        kz__3      2.719900E-06 
        kx__4      3.771160E-06 
        ky__4      3.771160E-06 
        kz__4      3.771160E-06 
        kx__5      1.467750E-05 
        ky__5      1.467750E-05 
        kz__5      1.467750E-05 
        kx__6      6.000000E-08 
        ky__6      6.000000E-08 
        kz__6      6.000000E-08 
        kx__7      3.558890E-07 
        ky__7      3.558890E-07 
        kz__7      3.558890E-07 
        kx__8      3.603420E-09 
        ky__8      3.603420E-09 
        kz__8      3.603420E-09 
 
OPTIMISATION ITERATION NO.        :    1 
   Model calls so far             :    1 
   Starting phi for this iteration:   197.12     
 
       Lambda =   10.000     -----> 
      parameter "kz__3" frozen: gradient and update vectors out of bounds 
      parameter "kz__2" frozen: - update vector out of bounds 
      parameter "kz__4" frozen: gradient and update vectors out of bounds 
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          Phi =   198.77      (  1.008 times starting phi) 
 
       Lambda =   5.0000     -----> 
          Phi =   199.09      (  1.010 times starting phi) 
 
       Lambda =   20.000     -----> 
          Phi =   198.29      (  1.006 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   198.29     
   Relative phi reduction between optimisation iterations less than 0.1000 
   Switch to central derivatives calculation 
   (restart from best parameters so far - these achieved at iteration    0) 
      Current parameter values 
        kx__1      1.000000E-08 
        ky__1      1.000000E-08 
        kz__1      1.000000E-08 
        kx__2      6.479140E-07 
        ky__2      6.479140E-07 
        kz__2      6.479140E-07 
        kx__3      2.719900E-06 
        ky__3      2.719900E-06 
        kz__3      2.719900E-06 
        kx__4      3.771160E-06 
        ky__4      3.771160E-06 
        kz__4      3.771160E-06 
        kx__5      1.467750E-05 
        ky__5      1.467750E-05 
        kz__5      1.467750E-05 
        kx__6      6.000000E-08 
        ky__6      6.000000E-08 
        kz__6      6.000000E-08 
        kx__7      3.558890E-07 
        ky__7      3.558890E-07 
        kz__7      3.558890E-07 
        kx__8      3.603420E-09 
        ky__8      3.603420E-09 
        kz__8      3.603420E-09 
 
OPTIMISATION ITERATION NO.        :    2 
   Model calls so far             :   12 
   Starting phi for this iteration:   197.12     
   All frozen parameters freed 
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Lambda =   10.000     -----> 
      parameter "kz__3" frozen: gradient and update vectors out of bounds 
      parameter "kz__2" frozen: - update vector out of bounds 
      parameter "kz__4" frozen: gradient and update vectors out of bounds 
          Phi =   198.88      (  1.009 times starting phi) 
 
       Lambda =   5.0000     -----> 
          Phi =   197.90      (  1.004 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   197.90     
 
      Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      5.234310E-09                   kz__1      1.000000E-08 
        kx__2      6.479140E-07                   kx__2      6.479140E-07 
        ky__2      6.479140E-07                   ky__2      6.479140E-07 
        kz__2      6.479140E-07                   kz__2      6.479140E-07 
        kx__3      2.719900E-06                   kx__3      2.719900E-06 
        ky__3      2.719900E-06                   ky__3      2.719900E-06 
        kz__3      2.719900E-06                   kz__3      2.719900E-06 
        kx__4      3.771160E-06                   kx__4      3.771160E-06 
        ky__4      3.771160E-06                   ky__4      3.771160E-06 
        kz__4      3.771160E-06                   kz__4      3.771160E-06 
        kx__5      1.467750E-05                   kx__5      1.467750E-05 
        ky__5      1.467750E-05                   ky__5      1.467750E-05 
        kz__5      3.446567E-06                   kz__5      1.467750E-05 
        kx__6      6.000000E-08                   kx__6      6.000000E-08 
        ky__6      6.000000E-08                   ky__6      6.000000E-08 
        kz__6      1.944186E-08                   kz__6      6.000000E-08 
        kx__7      3.558890E-07                   kx__7      3.558890E-07 
        ky__7      3.558890E-07                   ky__7      3.558890E-07 
        kz__7      3.558890E-08                   kz__7      3.558890E-07 
        kx__8      3.603420E-09                   kx__8      3.603420E-09 
        ky__8      3.603420E-09                   ky__8      3.603420E-09 
        kz__8      6.913488E-10                   kz__8      3.603420E-09 
   Maximum   factor change:  10.00     ["kz__7"] 
   Maximum relative change: 0.9000     ["kz__7"] 
 
OPTIMISATION ITERATION NO.        :    3 
   Model calls so far             :   30 
   Starting phi for this iteration:   197.90     
   All frozen parameters freed 
 
       Lambda =   2.5000     -----> 
      parameter "kz__2" frozen: gradient and update vectors out of bounds 
      parameter "kz__3" frozen: gradient and update vectors out of bounds 
      parameter "kz__4" frozen: gradient and update vectors out of bounds 
          Phi =   197.96      (  1.000 times starting phi) 
 
       Lambda =   1.2500     -----> 
          Phi =   197.96      (  1.000 times starting phi) 
 
       Lambda =   5.0000     -----> 
          Phi =   197.95      (  1.000 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   197.95     
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Current parameter values                 Previous parameter values 
        kx__1      1.000000E-08                   kx__1      1.000000E-08 
        ky__1      1.000000E-08                   ky__1      1.000000E-08 
        kz__1      9.525400E-09                   kz__1      5.234310E-09 
        kx__2      6.479140E-07                   kx__2      6.479140E-07 
        ky__2      6.479140E-07                   ky__2      6.479140E-07 
        kz__2      6.479140E-07                   kz__2      6.479140E-07 
        kx__3      2.719900E-06                   kx__3      2.719900E-06 
        ky__3      2.719900E-06                   ky__3      2.719900E-06 
        kz__3      2.719900E-06                   kz__3      2.719900E-06 
        kx__4      3.771160E-06                   kx__4      3.771160E-06 
        ky__4      3.771160E-06                   ky__4      3.771160E-06 
        kz__4      3.771160E-06                   kz__4      3.771160E-06 
        kx__5      1.467750E-05                   kx__5      1.467750E-05 
        ky__5      1.467750E-05                   ky__5      1.467750E-05 
        kz__5      3.250643E-06                   kz__5      3.446567E-06 
        kx__6      6.000000E-08                   kx__6      6.000000E-08 
        ky__6      6.000000E-08                   ky__6      6.000000E-08 
        kz__6      2.686502E-08                   kz__6      1.944186E-08 
        kx__7      3.558890E-07                   kx__7      3.558890E-07 
        ky__7      3.558890E-07                   ky__7      3.558890E-07 
        kz__7      1.125420E-07                   kz__7      3.558890E-08 
        kx__8      3.603420E-09                   kx__8      3.603420E-09 
        ky__8      3.603420E-09                   ky__8      3.603420E-09 
        kz__8      4.808374E-10                   kz__8      6.913488E-10 
   Maximum   factor change:  3.162     ["kz__7"] 
   Maximum relative change:  2.162     ["kz__7"] 
 
   Optimisation complete:  3 optimisation iterations have elapsed since lowest 
                             phi was achieved. 
   Total model calls:   49 
 
                            OPTIMISATION RESULTS 
 
Adjustable parameters -----> 
 
Parameter      Estimated           95% percent confidence limits 
               value               lower limit       upper limit 
 kz__1        1.000000E-08        9.045800E          1.105485+113 
 kz__2        6.479140E-07         2.750564E-10      1.526205E-03 
 kz__3        2.719900E-06         9.897867E-08      7.474192E-05 
 kz__4        3.771160E-06         4.598651E-23      3.092569E+11 
 kz__5        1.467750E-05         1.801875E-61      1.195582E+51 
 kz__6        6.000000E-08        9.826334E          3.663625+163 
 kz__7        3.558890E-07        1.295599E          9.775941+195 
 kz__8        3.603420E-09        9.566055E          1.357366+226 
 
Note: confidence limits provide only an indication of parameter uncertainty. 
They rely on a linearity assumption which  may not extend as far in parameter 
space as the confidence limits themselves - see PEST manual. 
 
Fixed parameters -----> 
 
Parameter      Fixed value 
 kx__1          1.000000E-08 
 ky__1          1.000000E-08 
 kx__2          6.479140E-07 
 ky__2          6.479140E-07 
 kx__3          2.719900E-06 
 ky__3          2.719900E-06 
 kx__4          3.771160E-06 
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 ky__4          3.771160E-06 
 kx__5          1.467750E-05 
 ky__5          1.467750E-05 
 kx__6          6.000000E-08 
 ky__6          6.000000E-08 
 kx__7          3.558890E-07 
 ky__7          3.558890E-07 
 kx__8          3.603420E-09 
 ky__8          3.603420E-09 
 
See file URANIA55.SEN for parameter sensitivities. 
 
Observations -----> 
 
Observation  Measured       Calculated     Residual       Weight     Group 
             value          value 
 of000030    452.840        447.604        5.23600        1.000      hds.a    
 of000031    443.290        443.220       7.030000E-02    1.000      hds.a    
 of000032    442.570        444.300       -1.72960        1.000      hds.a    
 of000033    452.660        452.767      -0.107200        1.000      hds.a    
 of000034    435.540        436.566       -1.02650        1.000      hds.a    
 of000035    441.730        442.759       -1.02930        1.000      hds.a    
 of000036    442.940        441.960       0.980300        1.000      hds.a    
 of000037    434.910        431.764        3.14610        1.000      hds.a    
 of000038    435.810        435.520       0.290300        1.000      hds.a    
 of000039    436.460        437.488       -1.02790        1.000      hds.a    
 of000040    442.490        441.666       0.823500        1.000      hds.a    
 of000041    447.420        443.584        3.83610        1.000      hds.a    
 of000042    446.540        443.641        2.89920        1.000      hds.a    
 of000043    440.940        442.155       -1.21530        1.000      hds.a    
 of000044    442.790        441.566        1.22370        1.000      hds.a    
 of000045    443.170        441.891        1.27940        1.000      hds.a    
 of000046    423.030        426.314       -3.28450        1.000      hds.a    
 of000047    428.650        429.593      -0.943000        1.000      hds.a    
 of000048    438.110        442.757       -4.64660        1.000      hds.a    
 of000049    443.110        440.234        2.87550        1.000      hds.a    
 of000050    435.680        442.411       -6.73100        1.000      hds.a    
 of000051    440.620        440.935      -0.314600        1.000      hds.a    
 of000052    426.050        430.797       -4.74660        1.000      hds.a    
 of000053    442.010        443.207       -1.19700        1.000      hds.a    
 of000054    442.270        442.700      -0.430400        1.000      hds.a    
 of000055    440.030        440.892      -0.862100        1.000      hds.a    
 of000056    444.350        443.134        1.21620        1.000      hds.a    
 of000057    434.710        438.004       -3.29400        1.000      hds.a    
 of000058    434.850        434.922      -7.150000E-02    1.000      hds.a    
 
See file URANIA55.RES for more details of residuals in graph-ready format. 
 
See file URANIA55.SEO for composite observation sensitivities. 
 
Objective function -----> 
 
  Sum of squared weighted residuals (ie phi)                =   197.1     
 
Correlation Coefficient -----> 
  Correlation coefficient                                   =  0.9271     
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Analysis of residuals -----> 
 
  All residuals:- 
     Number of residuals with non-zero weight               =    29 
     Mean value of non-zero weighted rediduals              = -0.3028     
     Maximum weighted residual [observation "of000030"]     =   5.236     
     Minimum weighted residual [observation "of000050"]     =  -6.731     
     Standard variance of weighted residuals                =   9.386     
     Standard error of weighted residuals                   =   3.064     
 
     Note: the above variance was obtained by dividing the objective  
     function by the number of system degrees of freedom (ie. number of  
     observations with non-zero weight plus number of prior information  
     articles with non-zero weight minus the number of adjustable parameters.) 
     If the degrees of freedom is negative the divisor becomes  
     the number of observations with non-zero weight plus the number of  
     prior information items with non-zero weight. 
 
Covariance Matrix -----> 
 
  3387.      -0.3477       -8.515       -275.4       -1285.       -4079.       -
3186.        4362.     
-0.3477        2.628      -0.3952       -1.313       -1.326        19.87       -
23.67        4.701     
 -8.515      -0.3952       0.4786       0.6854        7.235        17.18        
31.19       -36.84     
 -275.4       -1.313       0.6854        66.12        63.47        413.3        
655.2       -729.7     
 -1285.       -1.326        7.235        63.47        722.5        1764.        
1347.       -2011.     
 -4079.        19.87        17.18        413.3        1764.        6742.        
4784.       -7170.     
 -3186.       -23.67        31.19        655.2        1347.        4784.        
9472.      -1.0563E+04 
  4362.        4.701       -36.84       -729.7       -2011.       -7170.      -
1.0563E+04   1.2719E+04 
 
Correlation Coefficient Matrix -----> 
 
  1.000      -3.6851E-03  -0.2115      -0.5821      -0.8216      -0.8536      -
0.5625       0.6646     
-3.6851E-03    1.000      -0.3523      -9.9584E-02  -3.0424E-02   0.1492      -
0.1500       2.5713E-02 
-0.2115      -0.3523        1.000       0.1218       0.3891       0.3025       
0.4632      -0.4721     
-0.5821      -9.9584E-02   0.1218        1.000       0.2904       0.6190       
0.8278      -0.7957     
-0.8216      -3.0424E-02   0.3891       0.2904        1.000       0.7994       
0.5149      -0.6634     
-0.8536       0.1492       0.3025       0.6190       0.7994        1.000       
0.5987      -0.7743     
-0.5625      -0.1500       0.4632       0.8278       0.5149       0.5987        
1.000      -0.9623     
 0.6646       2.5713E-02  -0.4721      -0.7957      -0.6634      -0.7743      -
0.9623        1.000     
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Normalized eigenvectors of covariance matrix -----> 
 
-2.6290E-03  -5.7099E-02  -1.7643E-03   0.2556       0.1385      -0.7845       
0.4759       0.2651     
 0.1746      -0.9465      -9.5651E-02  -0.2532      -8.1955E-03  -1.9123E-02  -
6.2091E-03   2.8709E-04 
 0.9696       0.1516       0.1894       2.9899E-02   1.3022E-02  -2.2982E-03   
1.6438E-03  -1.8597E-03 
 0.1662       6.6713E-02  -0.9209       0.2197      -0.2635       1.8934E-02   
1.7372E-02  -3.9402E-02 
 2.1856E-02  -9.0480E-02  -0.1570       0.3792       0.8697       0.1291      -
0.1908      -0.1160     
-1.8764E-02  -7.8451E-02   0.1250       0.2928      -0.2409      -0.4803      -
0.6586      -0.4118     
-2.7207E-02  -0.1692       0.2015       0.5108      -0.2041       0.2661       
0.5083      -0.5462     
-1.6536E-02  -0.1748       0.1614       0.5753      -0.2347       0.2562      -
0.2113       0.6685     
 
Eigenvalues -----> 
 
 0.1316       0.9200        4.563        20.25        236.7        764.0        
4198.       2.7887E+04 
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Appendix 18: PEST-log for optimization of recharge 
 
                     PEST RUN RECORD: CASE URANIA55 
 
PEST run mode: Parameter estimation mode 
 
Case dimensions: 
 
   Number of parameters                 :    2 
   Number of adjustable parameters      :    2 
   Number of parameter groups           :    2 
   Number of observations               :   29 
   Number of prior estimates            :    0 
 
Model command line: C:\VMODNT\dosmess.exe 3014846 1101 
 
Model interface files: 
 
   Templates: URANIA55.MF.TPL for model input files: URANIA55.MF.PL 
 
   (Parameter values written using single precision protocol.) 
   (Decimal point always included.) 
 
   Instruction files: URANIA55.INH for reading model output files: 
   URANIA55.HOB 
 
Derivatives calculation: 
 
Param     Increment   Increment   Increment   Forward or   Multiplier  Method 
group     type                    low bound   central      (central)   (central) 
grp001    relative    2.0000E-02   none        switch        2.000     parabolic 
grp002    relative    2.0000E-02   none        switch        2.000     parabolic 
 
Parameter definitions: 
 
Name      Trans-           Change       Initial        Lower          Upper 
          formation        limit        value          bound          bound 
par001    none             relative    190.000        100.000        500.000     
par002    none             relative    240.000        100.000        500.000     
 
Name      Group          Scale         Offset 
par001    grp001        1.00000       0.000000E+00 
par002    grp002        1.00000       0.000000E+00 
 
Prior information: No prior information supplied 
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Observations: 
 
Observation name    Observation       Weight       Group 
     of000030        452.840          1.000       hds.a    
     of000031        443.290          1.000       hds.a    
     of000032        442.570          1.000       hds.a    
     of000033        452.660          1.000       hds.a    
     of000034        435.540          1.000       hds.a    
     of000035        441.730          1.000       hds.a    
     of000036        442.940          1.000       hds.a    
     of000037        434.910          1.000       hds.a    
     of000038        435.810          1.000       hds.a    
     of000039        436.460          1.000       hds.a    
     of000040        442.490          1.000       hds.a    
     of000041        447.420          1.000       hds.a    
     of000042        446.540          1.000       hds.a    
     of000043        440.940          1.000       hds.a    
     of000044        442.790          1.000       hds.a    
     of000045        443.170          1.000       hds.a    
     of000046        423.030          1.000       hds.a    
     of000047        428.650          1.000       hds.a    
     of000048        438.110          1.000       hds.a    
     of000049        443.110          1.000       hds.a    
     of000050        435.680          1.000       hds.a    
     of000051        440.620          1.000       hds.a    
     of000052        426.050          1.000       hds.a    
     of000053        442.010          1.000       hds.a    
     of000054        442.270          1.000       hds.a    
     of000055        440.030          1.000       hds.a    
     of000056        444.350          1.000       hds.a    
     of000057        434.710          1.000       hds.a    
     of000058        434.850          1.000       hds.a    
 
Control settings: 
 
   Initial lambda                                              :  10.000     
   Lambda adjustment factor                                    :  2.0000     
   Sufficient new/old phi ratio per optimisation iteration     : 0.30000     
   Limiting relative phi reduction between lambdas             : 2.00000E-02 
   Maximum trial lambdas per iteration                         :  10 
 
   Maximum  factor  parameter change (factor-limited changes)  :   na 
   Maximum relative parameter change (relative-limited changes):  10.000 
   Fraction of initial parameter values used in computing 
   change limit for near-zero parameters                       : 1.00000E-03 
 
   Relative phi reduction below which to begin use of 
   central derivatives                                         : 0.10000      
 
   Relative phi reduction indicating convergence               : 0.10000E-02 
   Number of phi values required within this range             :   5 
   Maximum number of consecutive failures to lower phi         :   3 
   Minimal relative parameter change indicating convergence    : 0.10000E-02 
   Number of consecutive iterations with minimal param change  :   5 
   Maximum number of optimisation iterations                   :  50 
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OPTIMISATION RECORD 
 
INITIAL CONDITIONS:  
   Sum of squared weighted residuals (ie phi) =   197.15     
 
      Current parameter values 
        par001      190.000     
        par002      240.000     
 
OPTIMISATION ITERATION NO.        :    1 
   Model calls so far             :    1 
   Starting phi for this iteration:   197.15     
 
       Lambda =   10.000     -----> 
          Phi =   196.62      (  0.997 of starting phi) 
 
       Lambda =   5.0000     -----> 
          Phi =   196.49      (  0.997 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   196.49     
   Relative phi reduction between optimisation iterations less than 0.1000 
   Switch to central derivatives calculation 
 
      Current parameter values                 Previous parameter values 
        par001      189.727                       par001      190.000     
        par002      233.528                       par002      240.000     
   Maximum relative change: 2.6968E-02 ["par002"] 
 
OPTIMISATION ITERATION NO.        :    2 
   Model calls so far             :    5 
   Starting phi for this iteration:   196.49     
 
       Lambda =   2.5000     -----> 
          Phi =   195.78      (  0.996 of starting phi) 
 
       Lambda =   1.2500     -----> 
          Phi =   195.33      (  0.994 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   195.33     
 
      Current parameter values                 Previous parameter values 
        par001      200.946                       par001      189.727     
        par002      225.605                       par002      233.528     
   Maximum relative change: 5.9136E-02 ["par001"] 
 
OPTIMISATION ITERATION NO.        :    3 
 
   Model calls so far             :   11 
   Starting phi for this iteration:   195.33     
 
       Lambda =  0.62500     -----> 
          Phi =   193.96      (  0.993 of starting phi) 
 
       Lambda =  0.31250     -----> 
          Phi =   193.14      (  0.989 of starting phi) 
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No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   193.14     
 
      Current parameter values                 Previous parameter values 
        par001      210.217                       par001      200.946     
        par002      199.509                       par002      225.605     
   Maximum relative change: 0.1157     ["par002"] 
 
OPTIMISATION ITERATION NO.        :    4 
   Model calls so far             :   17 
   Starting phi for this iteration:   193.14     
 
       Lambda =  0.15625     -----> 
          Phi =   191.23      (  0.990 of starting phi) 
 
       Lambda =  7.81250E-02 -----> 
          Phi =   190.58      (  0.987 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   190.58     
 
      Current parameter values                 Previous parameter values 
        par001      237.382                       par001      210.217     
        par002      169.737                       par002      199.509     
   Maximum relative change: 0.1492     ["par002"] 
 
OPTIMISATION ITERATION NO.        :    5 
   Model calls so far             :   23 
   Starting phi for this iteration:   190.58     
 
       Lambda =  3.90625E-02 -----> 
          Phi =   189.94      (  0.997 of starting phi) 
 
       Lambda =  1.95312E-02 -----> 
          Phi =   189.89      (  0.996 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   189.89     
 
      Current parameter values                 Previous parameter values 
        par001      250.695                       par001      237.382     
        par002      145.997                       par002      169.737     
   Maximum relative change: 0.1399     ["par002"] 
 
OPTIMISATION ITERATION NO.        :    6 
   Model calls so far             :   29 
   Starting phi for this iteration:   189.89     
 
       Lambda =  9.76562E-03 -----> 
          Phi =   189.87      (  1.000 of starting phi) 
 
       Lambda =  4.88281E-03 -----> 
          Phi =   189.88      (  1.000 of starting phi) 
 
       Lambda =  1.95312E-02 -----> 
          Phi =   189.88      (  1.000 of starting phi) 
 
   No more lambdas: phi rising 
   Lowest phi this iteration:   189.87     
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Current parameter values                 Previous parameter values 
        par001      255.205                       par001      250.695     
        par002      140.707                       par002      145.997     
   Maximum relative change: 3.6228E-02 ["par002"] 
 
OPTIMISATION ITERATION NO.        :    7 
   Model calls so far             :   36 
   Starting phi for this iteration:   189.87     
 
       Lambda =  9.76562E-03 -----> 
          Phi =   189.89      (  1.000 times starting phi) 
 
       Lambda =  4.88281E-03 -----> 
          Phi =   189.90      (  1.000 times starting phi) 
 
       Lambda =  1.95312E-02 -----> 
          Phi =   189.89      (  1.000 times starting phi) 
 
   No more lambdas: phi rising 
   Lowest phi this iteration:   189.89     
 
      Current parameter values                 Previous parameter values 
        par001      254.482                       par001      255.205     
        par002      141.559                       par002      140.707     
   Maximum relative change: 6.0523E-03 ["par002"] 
 
OPTIMISATION ITERATION NO.        :    8 
   Model calls so far             :   43 
   Starting phi for this iteration:   189.89     
 
       Lambda =  9.76562E-03 -----> 
          Phi =   189.89      (  1.000 times starting phi) 
 
       Lambda =  4.88281E-03 -----> 
          Phi =   189.89      (  1.000 times starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   189.89     
 
      Current parameter values                 Previous parameter values 
        par001      254.645                       par001      254.482     
        par002      141.292                       par002      141.559     
   Maximum relative change: 1.8836E-03 ["par002"] 
 
OPTIMISATION ITERATION NO.        :    9 
   Model calls so far             :   49 
   Starting phi for this iteration:   189.89     
 
       Lambda =  4.88281E-03 -----> 
          Phi =   189.89      (  1.000 of starting phi) 
 
       Lambda =  2.44141E-03 -----> 
          Phi =   189.89      (  1.000 of starting phi) 
 
   No more lambdas: relative phi reduction between lambdas less than 0.0200 
   Lowest phi this iteration:   189.89     
 
      Current parameter values                 Previous parameter values 
        par001      254.677                       par001      254.645     
        par002      141.284                       par002      141.292     
   Maximum relative change: 1.2779E-04 ["par001"] 
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   Optimisation complete: the  5 lowest phi's are within a relative distance 
                             of eachother of 1.0000E-03 
   Total model calls:   55 
 
OPTIMISATION RESULTS 
 
Parameters -----> 
 
Parameter      Estimated           95% percent confidence limits 
               value               lower limit       upper limit 
 par001        255.205              116.569           393.841     
 par002        140.707             -57.0970           338.512     
 
Note: confidence limits provide only an indication of parameter uncertainty. 
They rely on a linearity assumption which  may not extend as far in parameter 
space as the confidence limits themselves - see PEST manual. 
 
See file URANIA55.SEN for parameter sensitivities. 
 
Observations -----> 
 
Observation  Measured       Calculated     Residual       Weight     Group 
             value          value 
 of000030    452.840        447.190        5.64960        1.000      hds.a    
 of000031    443.290        441.978        1.31250        1.000      hds.a    
 of000032    442.570        444.342       -1.77240        1.000      hds.a    
 of000033    452.660        452.656       3.600000E-03    1.000      hds.a    
 of000034    435.540        435.945      -0.405200        1.000      hds.a    
 of000035    441.730        442.572      -0.842000        1.000      hds.a    
 of000036    442.940        442.491       0.449100        1.000      hds.a    
 of000037    434.910        431.408        3.50180        1.000      hds.a    
 of000038    435.810        435.068       0.741900        1.000      hds.a    
 of000039    436.460        437.247      -0.787200        1.000      hds.a    
 of000040    442.490        441.808       0.682500        1.000      hds.a    
 of000041    447.420        444.288        3.13250        1.000      hds.a    
 of000042    446.540        444.423        2.11680        1.000      hds.a    
 of000043    440.940        441.979       -1.03880        1.000      hds.a    
 of000044    442.790        442.038       0.752400        1.000      hds.a    
 of000045    443.170        442.114        1.05560        1.000      hds.a    
 of000046    423.030        425.809       -2.77890        1.000      hds.a    
 of000047    428.650        428.605       4.480000E-02    1.000      hds.a    
 of000048    438.110        443.108       -4.99780        1.000      hds.a    
 of000049    443.110        440.089        3.02130        1.000      hds.a    
 of000050    435.680        442.516       -6.83580        1.000      hds.a    
 of000051    440.620        441.300      -0.680200        1.000      hds.a    
 of000052    426.050        430.592       -4.54230        1.000      hds.a    
 of000053    442.010        443.766       -1.75640        1.000      hds.a    
 of000054    442.270        442.106       0.164500        1.000      hds.a    
 of000055    440.030        440.474      -0.443600        1.000      hds.a    
 of000056    444.350        443.593       0.757300        1.000      hds.a    
 of000057    434.710        437.453       -2.74310        1.000      hds.a    
 of000058    434.850        434.798       5.220000E-02    1.000      hds.a    
 
See file URANIA55.RES for more details of residuals in graph-ready format. 
 
See file URANIA55.SEO for composite observation sensitivities. 
 



Appendix 18 
 

 

 A18-7

Objective function -----> 
 
  Sum of squared weighted residuals (ie phi)                =   189.9     
 
Correlation Coefficient -----> 
  Correlation coefficient                                   =  0.9264     
 
Analysis of residuals -----> 
 
  All residuals:- 
     Number of residuals with non-zero weight               =    29 
     Mean value of non-zero weighted rediduals              = -0.2133     
     Maximum weighted residual [observation "of000030"]     =   5.650     
     Minimum weighted residual [observation "of000050"]     =  -6.836     
     Standard variance of weighted residuals                =   7.032     
     Standard error of weighted residuals                   =   2.652     
 
     Note: the above variance was obtained by dividing the objective  
     function by the number of system degrees of freedom (ie. number of  
     observations with non-zero weight plus number of prior information  
     articles with non-zero weight minus the number of adjustable parameters.) 
     If the degrees of freedom is negative the divisor becomes  
     the number of observations with non-zero weight plus the number of  
     prior information items with non-zero weight. 
 
Covariance Matrix -----> 
 
  4565.       -6311.     
 -6311.        9292.     
 
Correlation Coefficient Matrix -----> 
 
  1.000      -0.9690     
-0.9690        1.000     
 
Normalized eigenvectors of covariance matrix -----> 
 
 0.8218      -0.5698     
 0.5698       0.8218     
 
Eigenvalues -----> 
 
  189.2       1.3668E+04 
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Appendix 19: Results of Zonebudget calculations 
 
Table A19.1 Results for zone 2 
Input m3/day Output m3/day
Storage 0.000000 Storage 0.000000
Constant head 6104.300000 Constant head 1240.100000
Wells 0.000000 Wells 0.000000
Drains 0.000000 Drains 6260.600000
Recharge 1062.800000 Recharge 0.000000
Et 0.000000 Et 0.000000
River Leakage 0.000000 River Leakage 0.000000
Head Dep 0.000000 Head dep 0.000000
Zone 1 to 2 825.520000 Zone 2 to 1 498.480000
Zone 6 to 2 6.656900 Zone 2 to 6 0.000000

Total in 7999.300000 Total in 7999.300000

IN - OUT 0.087931
Discrepancy 
(%) 0.000000  
 
Table A19.2 Results for zone 3 
Input m3/day Output m3/day 
Storage 0.000000 Storage 0.000000 

Constant head 10314.000000 
Constant 
head 3045.700000 

Wells 0.000000 Wells 0.000000 
Drains 0.000000 Drains 7513.100000 
Recharge 689.540000 Recharge 0.000000 
Et 0.000000 Et 0.000000 

River Leakage  0.000000 
River 
Leakage 0.000000 

Head Dep 0.000000 Head dep 0.000000 
Zone 1 to 3 162.010000 Zone 3 to 1 555.400000 
Zone 4 to 3 33.125000 Zone 3 to 4 84.576000 
     
Total in 11199.000000 Total in 11199.000000
     
IN - OUT 0.062516   
Discrepancy 
(%) 0.000000   
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Table A19.3 Results for zone 4 
Input m3/day Output m3/day 
Storage 0.000000 Storage 0.000000 

Constant head 427.910000 
Constant 
head 41.857000 

Wells 0.000000 Wells 0.000000 
Drains 0.000000 Drains 1926.700000
Recharge 1431.700000 Recharge 0.000000 
Et 0.000000 Et 0.000000 

River Leakage  0.000000 
River 
Leakage 0.000000 

Head Dep 0.000000 Head dep 0.000000 
Zone 1 to 4 612.600000 Zone 4 to 1 548.170000 
Zone 3 to 4 84.576000 Zone 4 to 3 33.125000 
Zone 7 to 4 4.728000 Zone 4 to 7 11.552000 
     
Total in 2561.500000 Total in 2561.400000
     
IN - OUT 0.110820   
Discrepancy 
(%) 0.000000   
 
Table A19.4 Results for zone 5 
Input m3/day Output m3/day 
Storage 0.000000 Storage 0.000000 

Constant head 0.000000 
Constant 
head 0.000000 

Wells 0.000000 Wells 0.000000 
Drains 0.000000 Drains 1321.800000
Recharge 398.410000 Recharge 0.000000 
Et 0.000000 Et 0.000000 

River Leakage  0.000000 
River 
Leakage 0.000000 

Head Dep 0.000000 Head dep 0.000000 
Zone 1 to 5 1405.800000 Zone 5 to 1 83.942000 
     
Total in 1405.800000 Total in 1405.800000
     
IN - OUT 0.030488   
Discrepancy 
(%) 0.000000   
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Table A19.5 Results for zone 6 
Input m3/day Output m3/day 
Storage 0.000000 Storage 0.000000 

Constant head 1695.800000 
Constant 
head 319.900000 

Wells 0.000000 Wells 0.000000 
Drains 0.000000 Drains 1508.700000
Recharge 497.710000 Recharge 0.000000 
Et 0.000000 Et 0.000000 

River Leakage  0.000000 
River 
Leakage 0.000000 

Head Dep 0.000000 Head dep 0.000000 
Zone 1 to 6 21.015000 Zone 2 to 1 379.210000 
Zone 2 to 6 0.000000 Zone 6 to 2 6.656900 
     
Total in 2214.600000 Total in 2214.500000
     
IN - OUT 0.107030   
Discrepancy 
(%) 0.000000   
 
Table A19.6 Results for zone 7 
Input m3/day Output m3/day 
Storage 0.000000 Storage 0.000000 

Constant head 
13328.00000

0 
Constant 
head 3083.000000

Wells 0.000000 Wells 0.000000 

Drains 0.000000 Drains 
10896.00000

0 
Recharge 936.700000 Recharge 0.000000 
Et 0.000000 Et 0.000000 

River Leakage  0.000000 
River 
Leakage 0.000000 

Head Dep 0.000000 Head dep 0.000000 
Zone 1 to 7 244.060000 Zone 7 to 1 535.760000 
Zone 4 to 7 11.552000 Zone 7 to 4 4.728000 
     
Total in 14520.00000 Total in 14520.00000
     
IN - OUT 0.142700   
Discrepancy 
(%) 0.000000   
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Appendix 20: Results of sensitivity analysis 
 

 Table A20.1 Results of the sensitivity analysis. Normalized RMS shortened to nRMS.  
Parameter Tested interval Result 
Kx1=Ky1  1·10-8 – 1·10-4 m/s   No significant effect on nRMS; around 9 % for the whole 

interval. Lower values result in less drain flow from zone 
6, while higher values give a higher drain flow from zone 

6.  
Kx2=Ky2 2·10-8 – 2·10-4 m/s   The lower limit gives an nRMS-value of 38 %. The flow 

decreases from zone 5 and increases in zone 6, but not 
significantly. The upper limit value results in non-

convergence of the model.  
Kx3=Ky3 2.7·10-8 – 2.7·10-4 

m/s   
The lower limit value results in lower water levels; nRMS 

= 65 %. Flows decrease slightly from zone 2 and 
significantly from zone 5. Strange groundwater flow 

directions in hydraulic conductivity zone 3. The upper 
limit gives higher water levels; nRMS = 29 %. Very high 

flows from zones 2 and 5.  
Kx4=Ky4 3.8·10-8 – 3.8·10-4 

m/s   
The lower limit value results in lower water levels; nRMS 

= 36 %. Flows decrease slightly from zones 2, 4 and 5. 
The upper limit gives higher water levels; nRMS = 24 %. 

High drain flows from zones 2, 3 and 4. 
Kx5=Ky5 1.5·10-7 – 1.5·10-3 

m/s   
The lower limit value results in lowered water levels; 

nRMS = 50 %. Flows decrease slightly from zones 3 and 
4, and increase slightly from zone 5. The upper limit gives 
higher water levels; nRMS = 28 %. Very high flows from 

zone 3, decreasing flows from zones 4 and 5. 
Kx6=Ky6 1·10-8 – 1·10-4 m/s   The lower limit gives low water levels; nRMS = 65 %. 

Flows decrease slightly from zone 2 and significantly from 
zone 5. The upper limit results in higher water levels; 
nRMS = 29 %. Very high flows from zone 2 and 5. 

Kx7=Ky7 7·10-8 – 7·10-4 m/s   No significant effect on nRMS; around 9 % for the whole 
interval. Lower values result in slightly less drain flow 
from zones 3 and 4, while higher values give a higher 

drain flow from zones 3, 4 and 7. 
Kx8=Ky8 3.6·10-11 – 3.6·10-7 

m/s   
No significant effect on water levels; nRMS = 9.60 % for 

both limit values. Drain flows not affected.  
Kz1 1·10-8 – 1·10-4 m/s   No significant effect on water levels; nRMS around 9.6 % 

for the whole interval. The lower value results in 
significantly less flow from zone 6. The upper limit value 

gives extremely high drain flow from zone 6.  
Kz2 2·10-8 – 2·10-4 m/s   No significant effect on water leves; nRMS around 9 % 

for the whole interval. No significant effect on drain flows. 
Kz3 2.7·10-8 – 2.7·10-4 

m/s   
A slight effect on water levels; nRMS around 11 % for 

both lower and upper limit values. The lower value gives 
slightly less flow from zones 4 and 5. The upper limit 

results in higher flows from zones 2 and 4.  
 *5 – 25 % of average precipitation. 
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 Table A20.1, continued. 
Parameter Tested interval Result 
 
Kz4 

 
3.8·10-8 – 3.8·10-4 

m/s   

 
No significant effect on water levels; nRMS around 9 % 

for the whole interval. The lower value results in 
significantly less flow from zone 2 and slightly less 

from zones 3 and 4. The upper limit gives higher drain 
flows from zones 2 and 3 and slightly higher from zone 

4. 
Kz5 1.5·10-7 – 1.5·10-3 

m/s   
No significant effect on water levels; nRMS around 9 % 

for the whole interval. The lower value results in 
significantly less flow from zones 2 and 3. The upper 
limit gives higher drain flow from zone 3 and slightly 

higher from zone 2. 
Kz6 1·10-8 – 1·10-4 m/s   No significant effect on water levels; nRMS = 9.6 % for 

the whole interval. The lower value results in slightly 
less from zones 2 and 3. The upper limit gives higher 

drain flow from zone 3 and slightly higher from zone 7. 
Kz7 7·10-8 – 7·10-4 m/s   No significant effect on water levels; nRMS = 9.6 % for 

the whole interval. The lower value results in 
significantly less flow from zone 7. The upper limit 

gives extremely high drain flow from zone 7. 
Kz8 3.6·10-11 – 3.6·10-7 

m/s   
No significant effect on water levels; nRMS = 9.60 % 

for both limit values. Drain flows not affected. 
Drain 
conductance 

0.5 – 5000 m2/day The lower value gives a nRMS = 51 %. Drain flows 
extremely low from all zones. The upper limit value 

have no significant effect on water levels; nRMS = 9.9 
%. Higher but still reasonable drain flows in zones 4, 5 
and 6, while flows from zones 2, 3 and 7 are too high.  

Rural 
recharge 

60 – 320 mm/year* The lower value results in lowered water levels; nRMS 
= 26 %. Drain flows are slightly less from zone 2 and 
significantly less from zones 4 and 5. The upper limit 

value has no significant effect on water levels; nRMS = 
9.6 %, but gives slightly higher drain flow from zone 4. 

Urban 
recharge 

60 – 370 mm/year The lower value gives slightly lowered water levels; 
nRMS = 11 %. Drain flows are slightly less from zones 
4 and 5. The upper limit value results in slightly higher 
water levels, nRMS = 14 %. Flows are slightly higher 

from zones 4 and 5.  
 
 
 


