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1. Introduction 
Dam construction experiences a very interesting trend throughout the world. This trend is not the same in all 
countries of the world, but markedly differs in each country. It can be simply said that whereas in advanced 
countries of the world the construction of new water structures is in decline, in the other countries it is booming. 
The key circumstance which causes this trend is the growth of the population in these countries and the dramatic 
rise of their demands for high-quality drinking water and the lack of water for power engineering and 
agricultural purposes. The Czech association CREA has won the tender for the survey and project of the 
Bawanur dam in Iraqi Kurdistan. The joint-stock company Geotest is responsible for the engineering-geological 
part of this project. The contracting authority of the tender, The General Directorate of Dams and Reservoirs 
in Erbil, required in the first stage of survey to carry out geoelectrical measurements using the method of 
vertical electrical sounding. At the end of the fieldwork, the initial requirement was changed and electrical 
resistivity tomography was required instead of vertical electrical sounding by contractor.  
 
2. General Geology, Geomorphology and Tectonics 
The geological formations of the foothills of northern Iraq, forming the front of the Arab Platform, are the 
continuation of the formation that underlies the Persian Gulf and is the remnant of the Tethys Sea. In northern 
Iraq, three basic regional stratigraphic and tectonic units are currently defined. In the north, there is a thrust zone 
(nappe mountains) of the Early Mesozoic Age; in the central part, a high folded zone of the Cretaceous Age; and 
finally, in the south-eastern part of northern Iraq, a low folded zone of Tertiary sediments. The currently existing 
geological structure of northern Iraq is the result of the dramatic Alpine folding in the Pliocene, during which 
the Zagros Nappe Mountains emerged. The subsequent accelerated epeirogenetic upheaval, which was taking 
place until the end of the Pliocene, resulted in the deposition of the conglomerate Bakhtiary Formation with 
thicknesses of 2 – 2.5 km. Geotectonic episodes that began in the Pleistocene led to the renewal of movements 
along fault lines, to the rise of mountain ranges and to the subsidence of interjacent valleys. 

 
The area, investigated in conjunction with the construction of the Bawanur dam, lies in the low folded zone. The 
pre-Quaternary basement consists of the Upper Bakhtiary Formation, which is of the Upper Miocene to Pliocene 
Age. The formation several hundred meters thick is formed by terrigenous clastic sediments. The formation 
includes sediments of different grain size ranging from claystones through siltstones and sandstones to 
conglomerates. Their deposition is irregular both in the vertical and horizontal directions. The trend of the 
growth in the grain size can be observed very roughly in the sedimentary rocks upwards, therefore 
conglomerates prevail in the uppermost layers. Some sources, however, report the opposite trend, particularly in 
the main basin structures (Buday, 1980). 
 
The Quaternary sediments form the fill of the tectonically predisposed valley, create accumulation terraces 
along the stream and cover late Tertiary formations on accumulation plains. In general, it is extremely difficult 
to distinguish the boundary between the Quaternary sediments and the Upper Bakhtiary Formation if it creates 
their basement, due to the almost identical lithology and the lack of index fossils. The recent river sediments 
form narrow deposits several meters thick, having the character of sands and the different content of loams. In 
the particular case of the studied section of the braided Sirwan River in the trough-shaped valley, which is 
further remolded by the chaotic extraction of building aggregate, the recent deposits are practically 
indistinguishable from the terrace sediments. 
 
In northern Iraq, it is possible to define three main types of relief: mountain ranges, uplands in their foothills, 
and extensive accumulation plains. These types are directly bound to the regional tectonic division, the current 
shape of which is the result of the Alpine orogenesis. The areas of tectonic manifestations and the intensely 
folded foreland of the Zagros Mountains are characterized by vast mountain ranges which follow identical 
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orogenic trends. The sharp reduction of the occurrence of rugged mountain ranges characterizes the uplands of 
the foothills followed by accumulation plains. 
 
The territory where our area of study is located lies in the low folded foothills which can be divided into the 
following morphologically defined groups: anticline ridges, denudation uplands and river accumulation plains. 
The most striking recent process which affects the morphology of the ground surface are weathering on slopes 
and the subsequent movements of weathering products by the action of gravity and flowing water both on slopes 
and in river valleys. The intensive weathering is caused by specific conditions, namely by the rapid variations of 
high and low temperatures in the arid climate, the existence of heavy torrential rains and last, but not least, 
human activities. 
 
The valley of the Sirwan River by the Municipality of Bawanur lies in the area of a denudation upland, which is 
more developed on the eastern slope (Fig. 1). The pronounced manifestations of denudation and erosion in that 
area led to the origin of the very rugged surface, which can be described as badland. The denudation upland to 
the west of the river forms only discontinuous areas and passes into a vast accumulation plain. In some sections 
of the valley, the upland is rimmed by an accumulation terrace of the river. On the western slope, the 
accumulation terrace is more extensive (the whole Municipality of Bawanur is situated on it). It is probably of 
the Quaternary Age and is not continuous on both of the slopes due to the erosion action of the river. It consists 
of conglomerates with less firm crystalline calcareous cement and lies horizontally or subhorizontally over the 
sedimentary rocks of the Upper Bakhtiary Formation.  

The river valley itself has a trough-shaped asymmetrical form. The surface of the valley bottom, in which the 
river has erratic behavior, is markedly affected by the extraction of building aggregate and it is difficult to 
distinguish incised meanders and deep pools from abandoned mining pits. The slopes of the valley are formed 
both by steep river bluffs and flatter slopes on the deposited banks. At the mouth of the lateral valleys (wadis), 
usually inconspicuous and mostly washed-out alluvial cones are molded. Wadis are far more frequent and larger 
on the western bank. 
 
In the area of the survey, it is possible to observe tectonic lines which belong to the main tectonic systems of 
Iraq. It is particularly the Sirwan Fault, which is determinant for the direction of the riverbed in the section 
north-east of the Municipality of Bawanur. This fault is part of the Transverse Fault System of the general NE–
SW direction and farther to the SW it forms the boundary between the Central Iraqi Block and the 
Mesopotamian Block. The lines that belong to the Najd Fault System of the general NW–SE direction are more 
frequent in this area. Evidently, these are minor lines accompanying the Kirkuk Fault Zone. The activity of this 
system in the Plio–Pleistocene Age can be connected with the existence of subvertical discontinuities in the 
conglomerates of the Bakhtiary Formation. 
. 
3. Satellite Images as the Background Information for Further Survey Work 
In the engineering-geological survey for the Bawanur dam and ancillary facilities, images from five satellites 
were used: SPOT, LANDSAT 7 (scanner ETM+), Terra (scanener ASTER), ENVISAT and Worldview-2. The 

Fig. 1 Sirwan River Valley with the Dam Profile
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images from SPOT, freely accessible at GoogleEarth, were used for obtaining the first information about the 
bedding of conglomerate sequences and the major tectonic fracturing of the rock mass in the area under 
investigation. The freely available image was filtered to achieve its better legibility, and hence the better 
possibility of acquiring basic geological data. The difference between the original image and the filtered image 
is shown in Fig. 2. In the image, it was possible to interpret well the different strike of the layers that belong to 
different geological units. On the right side of the valley, the strike was about 295 °, on the left side 315 °. As in 
the case of the bedding, it was also possible to identify all four main tectonic lines from the satellite image. The 
principal direction influencing significantly the geological evolution of the valley runs from NNE to SSW. The 
weakness of the rocks of this fault has been used also by the Sirwan River. 

The images from the satellites LANDSAT7 and ASTER, using a wide range of spectra of electromagnetic 
waves, have been employed for obtaining the idea of the wider vicinity of the dam site and of the area which 
will be subsequently investigated within the design of an irrigation system and the location of places for 
agricultural use. During the geological work at the stage of the feasibility study, the images from the new 
satellite Worllview-2 were used most often. 
 
Images from the Worldview-2 satellite were used most. Maps at scales of 1:50000, 1:10000 and 1:5000 from the 
conventional synthesis in the visible spectrum and a map of a 1:2500 scale from a panchromatic image 1:5000 
were compiled (Fig. 3). Two sets of maps were printed, one of which being available for office processing in the 
Czech Republic and the other serving as a basis for fieldwork. Furthermore, syntheses began to be compiled in 

)
original scene filtered scene

Fig. 2 Satellite Scene of the Area under Investigation (Adapted after GoogleEarth© )

Fig. 3 Map of Dam Site and Situation of Geophysical Measurements (Original Scale ) 1:5000
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false colors. So far, syntheses 561, 568, 655 and 665 have been made up. These maps were test-used in the area 
of the dam profile during engineering-geological mapping.  
 
4. Field Measurement 
The geoelectrical measurements in the field were made along one of the proposed dam profiles across the 
Sirwan River. This profile was chosen on the basis of an engineering-geological traverse and the evaluation of 
the conditions for the construction of the intended dam 25 – 30 meters high and 800 to 900 meters long. A view 
of the future dam profile upstream from a place on the left bank is shown in Fig. 3. The slopes of the river are 
formed predominantly by conglomerates. On the right slope, sporadically also on the left slope, it is possible to 
find beds of finer-grained rocks which have been described as siltstones and fine-grained sandstones. The flood 
plain is filled by coarse-grained gravels which are locally sandy to loamy. 
 
The geophysical work in the field was carried out at two stages. At the first one, the measurement was made 
using the method of vertical electrical sounding (referred to hereinafter as VES), and at the second one, the 
method of electrical resistivity tomography (referred to hereinafter as ERT) was used. Both the stages were 
implemented under extreme climatic conditions, i.e. in the dry season when there had not been rain for four 
months. During the period of fieldwork, the temperatures reached up to 48°C in the shade. The measurement 
could be made only in the morning, after that the integrated thermal protector of the instrument was constantly 
turning off the apparatus.  
 
5. Modeling of the Geological Structure 
In common practice, the geophysical survey methods are aimed at the solution of the so-called inversion 
modeling, i.e. the geological structure is judged on the basis of the knowledge of the manifestation of a physical 
quantity. The models of the geological medium enable the characteristics of the geological features to be defined 
in a simple way so that they reflect the assumed on-site conditions as much as possible. Based on the definition 
of the medium, the manifestations of physical quantities are subsequently investigated (resistivity, heat 
distribution, the velocity of the propagation of elastic waves, etc.). The given study is called forward modeling. 
The modeling software for the monitoring of resistivity manifestations above a defined medium (forward 
modeling) is usually part of the software package for the interpretation of results of multi-electrode 
measurements. 
 
The modeling software applied to the solution of the distribution of resistivity values in the investigated area of 
Bawanur is named RES2DMOD, the author of which is the Malaysian programmer M. H. Loke. The program 
supplements the interpretation software of the company GEOTOMO Software, the core of which consists of the 
inversion modeling program RES2DINV. 
 
The first step in the development of a model of a rock medium with defined parameters is to determine 
geometrical characteristics of the whole model and its individual parts. This is followed by the construction of a 
precisely structured header containing 33 lines of coded information about the length of a profile, the spacing of 
electrodes, the number of structures and their representative values of resistivity, etc. On one model it is possible 
to apply 16 media of different resistivity; the length of the model depends on the number of electrodes and their 
spacing. RES2DMOD enables calculations with 101 electrodes. The definition of the type of the array of 
electrodes is also important: Wenner, Wenner-Schlumberger, pole-pole, pole-dipole, etc. 
 
The assembly and tuning of the model according to the input requirements is followed by the process of 
calculating the resistivity manifestation of the modeled medium as it would look like in the real measurement in 
the real field. The output of modeling can be exported to the format which can be directly used by the inversion 
program RES2DINV, which enables the interpretation algorithms to be set so that their result matches the real 
(modeled) features as faithfully as possible. 
 
Construction of Models  
Such models for calculations were chosen, which would provide as much information as possible about the 
manifestation of the given geological structure on the field of apparent resistivity and on the resulting 
interpreted field of resistivity. Because no direct exploratory workings were available at the site or in its nearest 
vicinity, which would be suitable for parametric measurements, the sizes of resistivity for the individual media 
were entered on the basis of the results of vertical electrical sounding in the individual exposures. In all, twelve 
models were constructed, tracking especially the manifestation of the geological structure below the thick layer 
of gravels. 
 
Evaluation of Model Calculations 
In addition, we observed whether the distance between the individual electrodes in field measurements had a 
fundamental effect on the search for a thin conductive layer. In all models the same resistivity was kept for 
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individual types of lithology; for gravels it was 265 ohm-meters, for underlying conglomerates 75 ohm-meters, 
and for “claystones” 12 ohm-meters. The mathematical models were calculated for similar electrode spacings 
planned for field measurements, i.e. 6 and 10 meters. The results confirmed the theoretical assumptions as well 
as the notions of the Kurdish and Czech geophysicists. After summarizing all of these sources of data, it was 
decided to measure with the Schlumberger array of electrodes with the basic ten-meter electrode spacing in the 
field. Only on the profile in the left slope, the five-meter electrode spacing was chosen. The reason was the 
attempt to verify the theoretical assumptions by real field measurement. In the text below about the models, only 
cases with an electrode spacing of 6 meters are presented. 
 
Already at the first sight of the pictures it is obvious that the inversion modeling of the task does not produce the 
boundaries which were entered into the model, but that the field of the distribution of resistivity is much more 
complicated than the original model. The causes can be searched for both in the principle of the ERT method 
and in the graphic depiction of the results of the inversion modeling of the task. The ERT method does not 
enable the determination of resistivity in any point of the studied section, but in a limited number of points given 
by the electrode spacing, by the number of electrodes included in the measurement and, in certain cases, also by 
the conditions of the field measurement. After re-calculation, a network of points with defined values of 
resistivity is obtained and now there is a problem how to depict this network. Neither the tabular presentation of 
results nor the numerical depiction of resistivity in the section is concise, without giving a picture of the 
geological structure to the user. Therefore, the results are depicted by using contours of resistivity. All methods 
for converting the values of resistivity in the network to the contours of resistivity, however, produce distortion. 
Mostly professional geophysicists are aware of this circumstance, but the great majority of geologists are not 
conscious of it at all. It may be the mistake of geophysicists that they show geologists the section processed by 
two methods of contour plotting, i.e. by two methods of gridding, instead of showing them the resistivity section 
obtained from one inverse calculation.  
 
The conductive layer in the basement is modeled with a dip of about 15° and this dip is maintained in most of 
the other cases. The program RES2DINV does not permit any oblique plane to enter; the layer of “claystones” 
is, therefore, replaced by a set of rectangles so that their set approximates the idea of the obliquely deposited 
layer of pelitic sediments as much as possible. All the results are depicted in the figures as exaggerated, i.e. the 
horizontal and vertical scales are different! 
 
Two conductive layers (Fig. 4 A) 
The base of gravels here lies slightly above the inflection point of resistivity changes. The beginning of the 
“claystone” layers is indicated by a jump in the smooth pattern of the iso-ohm of about 80 ohm-meters (yellow 
color), just as by the anomalies of resistivity below 40 ohm-meters (blue color). The resistivity values of the 
“claystone” layer do not reach its real resistivity – 12 ohm-meters – in any point. The resistivity values of 

Fig. 4B Model of Thick NonconductorFig. 4A Model of Two Narrow Oblique Conductors
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conglomerate correspond roughly to the reality. The indication of the dipping of the “claystone” layers to greater 
depths is not distinct and it will not be possible to determine it in practical field measurements. The reason is 
changes in the resistivity of the conglomerate formation, which will fully disguise changes caused by the 
“claystone” layer. The only indication by which it can be possible to determine at least the direction of the dip of 
layers is the pattern of resistivity in the horizontal direction. Here it applies that the changes in resistivity are 
substantially more gradual in the direction of the dip than in the direction in which the “claystones” do not 
continue. 
 
The oblique thick nonconductor (Fig. 4 B)  
The conclusions drawn from the modeling of this case are similar as with modeling the vertical nonconductor. 
The measured resistivity reaches nowhere near the size of resistivity set in the model. The base of gravels 
plotted using a simple estimate would be about 10 meters deeper than is the set depth in the model. The field of 
resistivity outside the anomalous body is smoother than it was in the preceding case. The real value of resistivity 
(or smaller) was interpreted roughly in the middle of the length of the area under investigation. It is interesting 
that the interpreted minimum values of resistivity are roughly half the values set in the model. 
 
6. Results of Geophysical Survey 
The geological structure in the area of interest of dam profile II was studied by two methods – vertical electrical 
sounding (VES) and electrical resistivity tomography (ERT). The VES method was used to measure profiles 
PU, PV, PX, PY and PZ and the ERT method was applied to profiles PA, PB, PC and PD.  
 
To assess the accuracy of measurement by the VES method, a check VES measurement was made at the 
beginning of work. This was carried out on the day following the first measurement with the quite new 
preparation of measurement. The mean square error of measurement is 31 ohm-meters or 4.7%. Both the 
absolute size of the error and the graphic pattern of both the curves suggest the satisfactory quality of 
measurement even in such extremely difficult conditions. The results of the cross VES (the right part of the 
figure) indicate a certain anisotropy of the conglomerates underlying the river gravels. This circumstance could 
also be a certain guide for identifying the base of Quaternary soils. Due to the lack of time, however, it could not 
be used. The layout of geophysical profiles (VES and ERT) and documented geological points are shown in 
Figure 3. 
 
Profile PA (Fig. 5) 
The profile is followed through the valley of the Sirwan River and was measured only by the ERT method. The 
beginning of the profile is on the left bank of the main course of the Sirwan River by the right side of the main 
valley. Beneath the current course of the Sirwan River, the thickness of gravels increases up to about 25 meters, 
i.e. it is the similar thickness that was also identified at the southern end of profile PB. The gravels beneath the 
main course of the river show high resistivity values along their whole thickness, i.e. they are pure, with no 
clayey admixture. This means that this part of the terrace will be highly permeable. The increased thickness of 
gravels is most likely caused by a tectonic fracturing of the underlying rocks. The thickness of the fractured 

Fig. 5 Cross Section PA (Electrical Resistivity Tomography)
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zone of the major tectonic direction of the course of the Sirwan River will be at least 400 meters. Another 
fracture, probably accompanying the main zone, was identified at the eastern edge of the profile. It is the 
fracture which was already described above in the text regarding profile PC. 
 
As already described at the beginning of this chapter, the conversion of the interpreted values to the contours of 
resistivity has a great effect on the resulting field of resistivity. Fig. 5 shows the comparison of the original 
contours obtained using the program RES2DINV by the Kurdish colleagues, having, however, a uniform range 
of resistivity compiled by the Czech research team. The pattern of the contours along both the profiles shows 
that the essential results of both the methods are identical, but both the systems differ in details. 
 
Based on all of the geophysical measurements and their geological interpretation, an initial engineering-
geological section through the dam site was constructed (Fig. 6). It is necessary to realize that this profile is 
fairly simplified due to the lack of available information. At the next survey stage, it will be necessary to specify 
it by carrying out direct exploratory workings. Nevertheless, the decisive engineering characteristics of the dam 
site – the thick formation of fluvial gravel sediments beneath the dam – have already been determined at the 
initial geophysical stage of survey. 

7. Conclusion  
This paper is concerned with the problems of geoelectrical measurements in arid regions, in the places with 
insufficient base maps. The experience gained shows that at the present time it is possible to work without 
problems also at the sites for which practically no maps are available. Satellite imagery with high resolution, the 
possibility to use digital models of the ground and fieldwork with modern laser telemeters fully substitute the 
lack of base maps. In our case it has turned out that the images from the Worldview-2 satellite give better 
“geodetic background information” than classical maps. 

 
The extreme long drought and the ground surface practically with no loamy cover required introducing a new 
system of electrode earthing. After a certain struggle the conventional system of penetrating electrodes was 
used, together with pouring them with a thin salt loamy mixture. This method of measurement enabled the 
fieldwork to be successfully completed. 
 
The combination of both the methods of geoelectrical sounding enabled the good background information to be 
provided for the first designs of the dam at the Bawanur II dam site. It was successful to determine the areas of 
the Quaternary sediments, mainly gravels, but less successful the areas of flood loams. It was equally possible in 
the basement to distinguish the areas with predominant conglomerates from those with predominant claystones.  
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